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Abstract
Analysis of Emissions Profiles of Hydraulic Fracturing Engine
Technologies
Nicholas J. Wells
In the past twenty years natural gas production in the United States has significantly increased.
This is largely due to technological advancements in unconventional methods of horizontal drilling
and hydraulic fracturing. With these new and improved technologies, the United States has been
able to increase its natural gas dry production per year by 14.5 trillion cubic feet per year from
2001-2021, a 74.1% increase. Horizontal drilling allows the wellbore to have more contact with
the source rock, thus allowing more hydrocarbons to be extracted. Hydraulic fracturing allows oil
and gas companies to have access to low permeable source rock, previously uneconomical to
pursue. With hydraulic fracturing or “fracing” comes emissions from the heavy-duty engines used
to power fluid pumps that drive the frac fluid into the ground. To evaluate the emissions from
various engine types, a MATLAB model was developed and improved based on a model created
by partner, BJ Energy Solutions. This model was also expanded by evaluating emissions for
engines operating in the Marcellus shale play.
The model was developed utilizing Environmental Protection Agency (EPA) standardized
methodologies, data from previously conducted studies, as well as engine manufacturer data
sheets. This model was created to accurately predict emission values and rates from greenhouse
and non-greenhouse gases on fracing well sites. Seven engines were compared using the model:
direct drive turbine, natural gas reciprocating, Tier 2 and Tier 4 diesel and dual fuel, and large
turbine. Five shale plays were put into the model: Haynesville, Permian, Montney/Duvernay,
Marcellus, and SCOOP/STACK (South Central Oklahoma Province/Sooner Trend Anadarko
Canadian Kingfisher). A total of eight cases were ran with five varying parameters: shale play,
pumping pressure, fluid flow rate, and Tier 2 and Tier 4 Dual Fuel substitution ratios. Each case
assumed the same amount of pumping hours per day at 17 and only the Marcellus case differed in
stage length.
Each of the cases are equivalent to one days’ worth of fracing, a total of 17 pumping hours. For
Cases 1 through 6 over all the engines the average total CO2e emissions was 2342 Metric Tons.
The Titan direct drive engine had the best CO2e values at 21.7% less than the average and the Tier
2 Dual Fuel engine had the worst CO2e values at 32.9% greater than the average. Cases 7 and 8
were used to look at the effects of changing the substitution rate on dual fuel engines. Cases 7 and
8 are the same as Cases 1 and 4, respectively, except the substitution rate was decreased by 15%.
This led to a 2.2% increase in total CO2e emissions from the Tier 4 engine and a decrease of 4.4%
in total CO2e emissions from the Tier 2 engine. For all eight cases over all the engines the average
total non-greenhouse gas emission rate was 29.6 g/kw-hr. The Titan direct drive engine had the
best non-greenhouse gas rate at 64.0% less than the average. The Tier 2 diesel engine had the worst
non-greenhouse gas rate at 152.3% greater than the average. All these calculated values were
compared against the BJ Energy Solutions model. The CO2e values were normalized to g/kW-hr
using shaft horsepower and hydraulic horsepower then compared to published research studies.

When normalized using shaft horsepower the natural gas reciprocating engine had the lowest
emissions and the Tier 2 dual fuel engine had the highest. When hydraulic horsepower (which
accounts for driveline losses) was used the Titan engine had the lowest emissions while the Tier 2
dual fuel engine still had the highest. The shaft-power normalized GHG emissions from the diesel
and dual fuel engines were compared to data in the published literature with good agreement.
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1. Introduction
In the last two decades natural gas production in the Unites States (U.S.) has immensely increased
primarily due to the unconventional methods of horizontal drilling and hydraulic fracturing, also
known as “fracing.” These technologies have increased the yearly U.S. natural gas dry production
by 74.1% from 2001 to 2021 [1]. The unconventional methods allow companies to extract oil and
gas from low permeability rock, such as shale and tight gas sandstone, previously unattainable.
Hydraulic fracturing produces fractures in the low permeability source rock that stimulate the flow
of natural gas or oil, thus increasing the volume of hydrocarbons that are harvested. The fractures
are created by pumping substantial amounts of high-pressure fluid down a wellbore and into the
target rock formation. Hydraulic fracturing fluid typically consists of water, proppant, and
chemical additives. The proppant is usually sand but can also be ceramic pellets or other small
incompressible particles [2]. The small amounts of chemical additives can consist of friction
reducer, biocide, and scale inhibitor. Hydraulic fracturing well sites are always going to have
emissions from a variety of sources but by far the largest source is the engines used to power the
high-pressure pumps. These engines emit greenhouse gases, in the form of methane (CH4), carbon
dioxide (CO2), and nitrous oxide (N2O), and non-greenhouse gases in the form of nitrogen oxides
(NOx), particulate matter (PM), and carbon monoxide (CO). Due to tightening regulations on
emissions from all sources it is important to understand what the emissions levels of the different
engines are in varying circumstances.
A MATLAB model was developed and improved based on a model created by partner, BJ Energy
Solutions (BJES). This new model compares different frac pump engines’ emissions under
varying conditions as well as creating a fuel consumption table that displays the total fuel
consumed (diesel, natural gas, or both) by each engine type under defined circumstances. The
MATLAB model was built while helping BJES to build, refine, and edit their own original model.
The new MATLAB model was extended to include the Marcellus shale play and also for emissions
comparison of dual fuel engines when the natural gas substitution ratio is changed.
There are a few types of engines that can be seen on a frac site: diesel, dual fuel, natural gas
reciprocating, and natural gas turbine. The diesel and dual fuel engines represented are made by
either Caterpillar or Cummins, both of which are represented in the model. The diesel and dual
fuel engines are either Tier 2 or Tier 4. The different tiers refer to the emissions standards the
1

engine must meet, these will be discussed in the Literature Review. The natural gas reciprocating
engine is investigated in this study is a Caterpillar 3520H. There are two natural gas turbines
modeled in the program, the Titan direct-drive turbine designed and fielded by BJES, and a large
turbine used to produce electric power to drive an entire fleet of pumps. The large turbine is
typically used to power a fleet of electric pumps whereas the Titan engine has a turbine driving
each pump mechanically. Original equipment manufacturer (OEM) data was used for the diesel,
dual fuel, and natural gas reciprocating engines. For the Titan, field emissions testing was
performed by a third party to give data needed for model output. There are a few other aspects to
consider with turbines and natural gas engines. With turbine engines the altitude (atmospheric
pressure) and temperature of the operating zone must be taken into consideration as they can alter
the fuel consumption (thermodynamic efficiency) of the engine. The performance of reciprocating
engines is not heavily influenced by atmospheric conditions. In the dual fuel and natural gas
reciprocating engines methane slip must be accounted for in the emissions calculations. Methane
slip is unburned natural gas that escapes from the engine and into the atmosphere. Gas turbines
experience very little methane slip, except at very low loads (less than 50% of max load).
Research Hypothesis: Emissions will vary significantly for different engine types, and direct-drive
turbines have the potential to decrease GHG emissions due to low driveline losses compared to
other engines, despite performance derating in low density air (hot and/or high altitude). To test
this hypothesis, a MATLAB model is created and expanded on based on a BJES model that
attempts to accurately predict emissions of different hydraulic fracturing engines in a variety of
conditions. The model results are compared to BJES’ model as well as other engine research
studies after the data was normalized. The model is then shared with BJES and the rest of the oil
and gas community to be transparent and better understand the emissions of different technologies.
To assess this hypothesis following main research tasks were conducted:
1) Conducted a literature review on:
•

Hydraulic Fracturing

•

Unconventional Wells

•

Engine Configurations

•

Greenhouse Gases

•

Non-Greenhouse Gases
2

•

Government Restrictions and Regulations

2) Integrated BJES and government agency methodologies with collected and published data
to develop a MATLAB code and executed for multiple engine technologies and with other
shale basins.
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2. Review of Literature
2.1 Introduction to Hydraulic Fracturing
“Hydraulic fracturing (also known as hydrofracking, fracking, fracing, or hydrofracturing) is a
process that typically involves injecting water, sand, and chemicals under high pressure into a
bedrock formation via a well. This process is intended to create new fractures in the rock as well
as increase the size, extent, and connectivity of existing fractures in order to extract trapped oil
and gas” [3].
Hydraulic fracturing is one of the most important technologies in the oil and gas field. To
understand fracing it is imperative to look at its origins. In 1947, in Grant County, Kansas, Floyd
Farris of Stanolind Oil, a division of Standard Oil of Indiana, today Amoco, was the first to
experiment with modern-day hydraulic fracturing. They called it “Hydrafrac.” Stanolind used
1,000 gallons of Napalm thickened gasoline and sand was pumped into a limestone formation at
2,400 feet. This first attempt at fracing was a failure as well production barely changed [4]. Figure
1 shows what the first experimental fracing job looked like.

Figure 1: First experimental hydraulic fracturing job [5]

4

Two years later, in 1949, a patent for the Hydrafrac process was issued to Halliburton. The first
commercial use of hydraulic fracturing was performed by Halliburton on March 17, 1949, in
Stephens County, Oklahoma. In the first commercial frac job, Halliburton used a blend of crude
oil and gasoline along with over 100 pounds of sand. “In the ﬁrst year [fracing was used], 332
wells were treated, with an average production increase of 75%” [6]. Figure 2 is an image of the
first commercial frac site.

Figure 2: First commercial hydraulic fracturing in Stephens County, Oklahoma [7]

Due to its great success, hydraulic fracturing grew rapidly and helped increase the United States’
oil reserves beyond more than anyone imagined. By the middle of the 1950s, there was an average
of over 3,000 wells being stimulated with hydraulic fracturing per month.
The fracing process has become much more sophisticated throughout the years. It has changed
from using just Napalm and sand to using water, proppant (usually sand), and small amounts of
chemicals, such as friction reducer, biocide, and scale inhibitor. As technology has improved,
hydraulic fracturing has become computerized and more efficient. Pumping can be performed at
much higher rates because the pipe, well casing, and pumps can handle much higher pressure now.
Hydraulic fracturing operations are completed using a frac fleet that consists of several diesel,
natural gas, dual fuel, or turbine engines with diesels usually topping out around 18-24 pumps and
5

five to seven additional diesel-powered support equipment, on a typical well pad. [8]. At the peak
of the American natural gas operations in 2018, there were 503 frac fleets in operation and as of
March 25, 2022, there are 270 active fleets in the U.S. [9]. Figure 1 is an original frac site in 1947
and Figure 3 shows a 2020 frac site in Pennsylvania. As can be seen from comparing the two
images, a lot has changed in the 70+ years that hydraulic fracturing has been around.

Figure 3: Modern-day frac site [10]
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2.2 Unconventional Wells
There are two primary types of oil and gas wells, conventional and unconventional. A conventional
well is vertical and typically used in areas where the geological formation has high permeability
and porosity, thus allowing the oil and/or gas to easily flow into the wellbore and up to the surface.
Therefore, there is little to no well stimulation required. Some common high permeability rock
formations are made up of sandstone and carbonates [11]. Conventional well drilling results in
limited access to the reservoir, isolated areas of productivity, and many of the profitable
conventional reservoirs in the U.S. have been explored and mostly drained.
Unconventional wells are oil and/or gas units with low permeability and porosity to the point that
the resource cannot be extracted economically using a vertical well, instead, it requires a horizontal
or directional wellbore along with hydraulic fracturing [12]. Figure 4 below shows the basic
differences between a conventional and unconventional well.

Figure 4: Differences Between Unconventional and Conventional Wells [13]
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Unconventional wells utilize directional drilling in which the operator will drill straight down and
then begin turning the drill above the source rock or pay zone. The goal is to make the wellbore
horizontal with the source rock to maximize the surface area of the wellbore with the targeted
zone. In combining directional drilling with hydraulic fracturing, the number of hydrocarbons that
can be extracted is greatly boosted compared to vertical and conventional wells. Unconventional
wells are typically conducted in shale and tight gas plays which usually lead to more natural gas
produced than oil. Due to the low permeability, much more natural gas is found in these locations
than oil. Figure 5 displays a map of the lower 48 states’ major shale plays, including the Bakken,
Barnett, Eagle Ford, Haynesville, Marcellus, and Utica.

Figure 5: Major U.S. Shale Plays [14]
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2.3 Engine Configurations
There exist a multitude of different types of engines used in hydraulic fracturing to power the
pumps that send the fluid mixture downhole at high rates. There are internal combustions engines
that are powered by diesel, natural gas, or both, there are natural gas reciprocating engines, and
different sizes of turbines powered by natural gas.
Conventional diesel engines used in hydraulic fracturing come from two emissions standards
classes, Tier 2 and Tier 4. Engines from both tiers have been very popular in hydraulic fracturing
but are being phased out by other engine options. They are both a typical diesel compression
ignition engine. A diesel engine uses a piston and a cylinder in four-stroke cycles. The engine
produces energy by burning diesel fuel that is injected into the cylinder as the chamber is
compressed. Diesel engines rely on compression to heat the fuel above its autoignition
temperature, and do not require a spark like a gasoline engine. The four-stroke cycle is shown in
Figure 6 below. The difference in Tiers comes from standards set by the EPA. The Tier 4 emissions
standards called for a reduction of about 90% in oxides of nitrogen (NOx) and particulate matter
(PM) emissions. These standards have been reached through exhaust gas after treatment methods,
like those used on highway diesel engines [15]. Tier 2 engines typically do not have any exhaust
gas after treatment methods whereas Tier 4 utilize diesel exhaust fluid (DEF), diesel particulate
filter (DPF), and selective catalytic reduction (SCR).
Tier 2 and Tier 4 standards also include dual fuel versions, meaning they can operate solely on
diesel or a combination of diesel and natural gas. Dual fuel engines use diesel as the pilot fuel to
ignite the primary fuel, in this case natural gas. The metrics of the compression ignition engine is
very similar to the standard diesel engine. The difference lies at the injection point, but it depends
on the manufacturer of dual fuel engine, the natural gas injection point can either be in the cylinder,
along with the diesel injection point, or in the intake system. The natural gas is injected into the
cylinder on the intake stroke to form about a homogenous mixture with the air or mixes with air
in the intake system before the cylinder. Then a small amount of diesel is injected towards the top
of the compression stroke. The pilot fuel ignites as it is compressed, just as in a conventional diesel
engine, thus causing the natural gas to burn [16]. The substitution ratio between natural gas and
diesel varies based on the engine load.

9

Figure 6: Diesel engine four-stroke cycle [17]

In the hydraulic fracturing sector of the oil and gas industry, natural gas reciprocating engines are
used to supply power and distribute its load to multiple electric-powered pumps. A natural gas
reciprocating engine essentially uses the same mechanical components as the diesel engine. They
both use a piston and cylinder chamber four-stroke cycle. The combustion method is where they
differ, a diesel engine uses compression ignition, and a natural gas reciprocating engine relies on
a spark to ignite the gas. A natural gas engine can be designed as lean-burn or stoichiometric (richburn), this is determined by the air-fuel ratio inside the combustion chamber. Lean-burn engines
can operate up to the lean flame extinction limit, with the exhaust oxygen (O2) levels of 12% or
higher. Since their air-fuel ratio (AFR) is so high, lean-burn engines have less NOx emissions than
rich-burn. Rich-burn natural gas engines operate closer to a stoichiometric air-fuel ratio, with
exhaust oxygen levels under 4% and usually closer to 1%. This means that the air and fuel
quantities are very close, leading to a complete combustion, with very little to no excess air [18].
There are two types of natural gas turbines used in hydraulic fracturing, a power generation type,
and more recently, direct-drive turbines with reduction gearboxes. They both operate in the same
method; this is displayed in Figure 7 below. First air is drawn in through the compressor, then the
10

compressed air enters the combustor, where natural gas is burned continuously and is diluted with
compressed air. The resulting high-pressure, high-temperature gas created from the ignited mixture
moves through the turbine vane and blades, with the blades rotating and extracting work. The
energy generated from the rotating turbine blades operates the compressor with the excess energy
sent to the output shaft. The shaft power produced provides mechanical energy to drive pumps,
generators, and compressors [8]. A direct-drive turbine is used to directly power the fluid end of a
frac pump. This setup is on the same mobile platform as a Tier 2 or Tier 4 engine powered frac
pump, where the power and fluid ends are on a trailer. There would be multiples of these natural
gas turbine units on a frac site. The power generation natural gas turbine is much larger in power
rating than a direct drive. There would only be one to two of these on a frac site, depending on the
amount of hydraulic horsepower required, and the size of the turbine. These large turbines power
electric frac fleets, where the power end of the frac pump skid receives its energy needed to power
the fluid end from the large natural gas turbine.

Figure 7: Basic principle of a gas turbine [19]

2.4 Greenhouse Gases
“When sunlight strikes the earth’s surface, some of it radiates back toward space as infrared
radiation (heat). Greenhouse gases absorb this infrared radiation and trap its heat in the
atmosphere...” [20]. Greenhouse gases act like a blanket covering the earth that prevents heat from
escaping the atmosphere. Each greenhouse gas has a different effect on global warming depending
on its ability to absorb energy (radiative efficiency) and how long it will remain in the atmosphere
(also known as its lifetime).
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The Intergovernmental Panel on Climate Change (IPCC) has developed a common unit of measure
to easily compare the impacts of different gases. It is known as Global Warming Potential (GWP).
GWP is a measure of how much energy the emissions of one ton of a gas will absorb over a given
period, relative to carbon dioxide. The larger the GWP, the more the gas warms the earth compared
to carbon dioxide over that period. The standard time period used for GWP is 100 years [21]. Table
1 below shows different GWP values for various gases compared to carbon dioxide.
Table 1: Global Warming Potential Values [22]

Four different gases are classified as greenhouse gases: carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), and fluorinated gases. Carbon dioxide is the largest greenhouse gas by volume
in the atmosphere. CO2 emissions occur from burning fossil fuels (coal, natural gas, and oil), solid
waste, and biological materials. Carbon dioxide receives most of the attention but is not the most
potent greenhouse gas. Methane emissions predominately come from the production and
12

transportation of coal, natural gas, and oil. Methane can also be released into the atmosphere by
other means such as from livestock, other agricultural practices, and the decomposition of organic
waste. The emission of nitrous oxide results from agriculture and land use, industrial activities, the
combustion of fossil fuels and solid waste, as well as during the treatment of wastewater [23].
Fluorinated gases are classified as, hydrofluorocarbons, perfluorocarbons, sulfur hexafluoride, and
nitrogen trifluoride. While typically emitted in small portions fluorinated gases are the most
powerful greenhouse gases that are emitted from a host of industrial practices and have a high
GWP. Figure 8 below shows the distribution of greenhouse gases.

Figure 8: Distribution of Greenhouse Gases [23]

Fluorinated gases are not emitted in the hydraulic fracturing process. Methane is the most relevant
gas emitted from oil and gas production and has a GWP of 28, meaning 1 ton of emitted methane
is equivalent to 28 tons of emitted CO2. From Table 1 and the AR5 values, it is seen that N2O has
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a much higher GWP of 265. Using these numbers Equation 1 can be derived that gives CO2e,
where the “e” stands for equivalent.
Equation 1

𝐶𝑂2 𝑒 (𝑡𝑜𝑛) = 𝐶𝑂2 (𝑡𝑜𝑛) + 28 𝐶𝐻4 (𝑡𝑜𝑛) + 265 𝑁2 𝑂 (𝑡𝑜𝑛)

2.5 Non-Greenhouse Gases
There are three more gases emitted by the hydraulic fracturing process that the EPA regulates;
carbon monoxide (CO), nitrogen oxides (NOx), and particulate matter (PM).
CO is the most known of the three. It is a colorless and odorless gas that is released as a product
of combustion. On a global scale, carbon monoxide does not have a serious impact, but at the
source of emissions, it can react with other air pollutants to form ground-level ozone (O3). Carbon
monoxide is also an essential component in smog. In the outdoors, this can be harmful nearby and
can increase the risk of respiratory diseases such as asthma. People that have some types of heart
disease can be more susceptible to the effects of carbon monoxide [24].
NOx includes six different chemical compounds with varying molecular weights. A few of the
compounds classified as nitrogen oxides include nitrogen dioxide, nitrous acid, and nitric acid.
These chemicals react with organic compounds in the air and create ozone, a main ingredient in
smog. In high concentrations, NOx can affect the respiratory system and can aggravate multiple
respiratory diseases such as asthma. It can also lead to other respiratory symptoms, like coughing,
difficulty breathing, and wheezing. The formation of NOx occurs by three mechanisms during
combustion, thermal, prompt, and fuel NOx. The NOx emissions predominately come from
thermal, with prompt and fuel emissions being negligible. Most of the thermal NOx is formed in
the high-temperature pockets of the combustion chamber when nitrogen and oxygen react [8].
PM is composed of fine solid particles (dirt, dust, or soot) and liquid droplets in the air. These
particles come in many sizes and shapes and can be made up of dozens of different chemicals. If
inhaled, particulate matter can damage respiratory and pulmonary systems. Some particles, ten
micrometers or smaller can enter deep into the lungs and even the bloodstream. PM also plays a
part in the creation of smog [24].
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2.6 Government Restrictions and Regulations
The oil and gas industry is a leading source of methane and other harmful emissions in the U.S.
Government restrictions and regulations have been aiming to reduce these emissions for years by
creating laws and putting emissions standards in place. The emissions standards for the nonroad
engines, hydraulic fracturing engines fall under this category, are set by the Environmental
Protection Agency (EPA).
As mentioned previously there are different tiers of nonroad engines. Tier 1-3 were the first federal
standards for new nonroad diesel engines were proposed 1994 and to be phased in from 19962000, for engines over 50 horsepower. In 1998, the EPA introduced a new regulation with
increasingly more stringent Tier 2 and 3, to be phased in from 2000-2008. Tier 1-3 standards were
met through engine design and had little to no exhaust aftertreatment systems. Tier 1-3 emission
standards of nonroad diesel engines are defined the Code of Federal Regulations (CFR) Title 40
Subchapter C Part 89 Subpart B Section 112 and is shown in Table 2 [15].
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Table 2: Tier 1-3 Nonroad Emissions Standards g/kW-hr (g/bhp-hr) [15]

Engine
Power
kW < 8

Tier

Year

CO

HC

NMHC+NOx

Tier 1 2000 8.0 (6.0)
10.5 (7.8)
Tier 2 2005 8.0 (6.0)
7.5 (5.6)
8 ≤ kW Tier 1 2000 6.6 (4.9)
9.5 (7.1)
< 19
Tier 2 2005 6.6 (4.9)
7.5 (5.6)
19≤ kW Tier 1 1999 5.5 (4.1)
9.5 (7.1)
< 37
Tier 2 2004 5.5 (4.1)
7.5 (5.6)
37 ≤ kW Tier 1 1998
< 75
Tier 2 2004 5.0 (3.7)
7.5 (5.6)
Tier 3 2008 5.0 (3.7)
4.7 (3.5)
75 ≤ kW Tier 1 1997
< 130
Tier 2 2003 5.0 (3.7)
6.6 (4.9)
Tier 3 2007 5.0 (3.7)
4.0 (3.0)
130 ≤
Tier 1 1996 11.4 (8.5) 1.3 (1.0)
kW <
Tier 2 2003 3.5 (2.6)
6.6 (4.9)
225
Tier 3 2006 3.5 (2.6)
4.0 (3.0)
225 ≤
Tier 1 1996 11.4 (8.5) 1.3 (1.0)
kW <
Tier 2 2001 3.5 (2.6)
6.4 (4.8)
450
Tier 3 2006 3.5 (2.6)
4.0 (3.0)
450 ≤
Tier 1 1996 11.4 (8.5) 1.3 (1.0)
kW <
Tier 2 2002 3.5 (2.6)
6.4 (4.8)
560
Tier 3 2006 3.5 (2.6)
4.0 (3.0)
kW ≥
Tier 1 2000 11.4 (8.5) 1.3 (1.0)
560
Tier 2 2006 3.5 (2.6)
6.4 (4.8)
† Not adopted, engines must meet Tier 2 PM standard.

NOx

PM

9.2 (6.9)
9.2 (6.9)
9.2 (6.9)
9.2 (6.9)
9.2 (6.9)
9.2 (6.9)
-

1.0 (0.75)
0.8 (0.6)
0.8 (0.6)
0.8 (0.6)
0.8 (0.6)
0.6 (0.45)
0.4 (0.3)
-†
0.3 (0.22)
-†
0.54 (0.4)
0.2 (0.15)
-†
0.54 (0.4)
0.2 (0.15)
-†
0.54 (0.4)
0.2 (0.15)
-†
0.54 (0.4)
0.2 (0.15)

Tier 4 standards were introduced by the EPA in 2004 and were phased in from 2008-2015. These
regulations required that PM and NOx emissions be further reduced by about 90%. To achieve
these results the implementation of advanced exhaust gas after-treatment systems was required.
These emissions standards are outlined in CFR Chapter I Subchapter U Part 1039 Subpart B
Section 101 and are displayed in Table 3 [15].
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Table 3: Tier 4 Nonroad Emissions Standards g/kW-hr (g/bhp-hr) [15]

Engine
Power

Year

kW < 8

2008

8 ≤ kW < 19

2008

19 ≤ kW <
37

2008

37 ≤ kW <
56

2008

56 ≤ kW <
130
130 ≤ kW ≤
560

CO

NMHC

NMHC+NOx

NOx

PM

-

7.5 (5.6)

-

0.4 (0.3)

-

7.5 (5.6)

-

0.4 (0.3)

-

7.5 (5.6)

-

0.3 (0.22)

-

4.7 (3.5)

-

0.03
(0.022)

-

4.7 (3.5)

-

0.3 (0.22)

-

4.7 (3.5)

-

20122014

8.0
(6.0)
6.6
(4.9)
5.5
(4.1)
5.5
(4.1)
5.0
(3.7)
5.0
(3.7)
5.0
(3.7)

0.19
(0.14)

-

0.40
(0.30)

0.03
(0.022)
0.02
(0.015)

20112014

3.5
(2.6)

0.19
(0.14)

-

0.40
(0.30)

0.02
(0.015)

2013

2013

Engines above 560 kW are grouped into whether they are part of a generator set. The standards for
these engines are shown in Table 4 [15].
Table 4: Tier 4 Emissions Standards for Nonroad Engines Greater than 560 kW [15]

Year

Category
Generator sets
> 900 kW

2011

2015

CO

NMHC
NOx
PM
g/kW-hr (g/bhp-hr)
3.5
0.40
0.67
0.10
(2.6)
(0.30)
(0.50) (0.075)

All engines
except gensets
> 900 kW

3.5
(2.6)

0.40
(0.30)

3.5
(2.6)

0.10
(0.075)

Generator sets

3.5
(2.6)

0.19
(0.14)

0.67
(0.50)

0.03
(0.022)

All engines
except gensets

3.5
(2.6)

0.19
(0.14)

3.5
(2.6)

0.04
(0.03)

In 2021, the California Air Resources Board (CARB) held a remote public workshop on the
development of Tier 5 emissions standards that would aim to reduce PM and NOx emissions of
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nonroad engines by 50-90%, depending on the engine power category [15]. At of the time of this
paper Tier 5 regulations have not been signed into law.
The U.S. has many codes and regulations regarding air pollutants, but perhaps the most known is
the Clean Air Act (CAA) of 1963. It was the first federal legislation to allow the government to
take direct action to control air pollution. The Clean Air Act has been majorly amended three
times, in 1970, 1977, and 1990. The Clean Air Act is a “comprehensive federal law that regulates
air emissions from stationary and mobile sources” [25]. The 1970 amendments had the EPA set
up government standards, such as, the National Ambient Air Quality Standards (NAAQS) to
protect public health and welfare by regulating emissions of hazardous materials. The NAAQS
monitors how much CO, O3, lead, nitrogen dioxide, PM, and sulfur dioxide. In 1977, the CAA
amendments called for Prevention of Significant Deterioration (PSD) of air quality in attainment
areas covered by the NAAQS and added some requirements for non-attainment areas. The 1990
amendments revised Section 112 of the CAA that addresses the emissions of hazardous air
pollutants. Before 1990, CAA only had risked-based programs where only a few standards were
developed. The 1990 CAA was the first to require technology-based standards for major and area
sources. A major source is classified as emitting 10 tons per year or more per year or 25 tons of a
combination of hazardous pollutants. An area source is any stationary source that does not classify
as a major source. For major sources there is a maximum degree of reduction in emissions required.
These are referred to as maximum achievable control technology (MACT). Eight years after a
MACT is issued, the EPA must review those standards to determine if any further action is needed
[25].
Not only does the U.S. have its own regulations, but there are also global groups that create
guidelines for countries to follow. The most notable in recent history is the Paris Agreement. The
Paris Agreement is a legally binding international treaty on climate change that was adopted by
196 countries, including the United States, on December 12, 2015. The goal of this agreement is
to limit global warming to well below 2°C but preferably closer to 1.5°C, when compared to preindustrial levels. The agreement works on a five-year cycle that of increasingly ambitious climate
action. The Paris Agreement allows countries to share their short-term and long-term solutions to
climate change mitigation, thus furthering research and helping the world reach the goal of the
Paris Agreement. The agreement also helps other countries within the group who need support
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with lowering greenhouse gas emissions, by providing financial, technological, and capacitybuilding resources [26].
With restrictions and regulations coming from a global and national level and becoming stricter
every year, it is important for hydraulic fracturing and the oil and gas field in general to be aware
of these rules and to abide by them and continue to make improvements, if the industry is to
continue in the future.
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3. Modeling Methodology
3.1 Modeling Background
A model was developed in MATLAB to predict emissions from a hydraulic fracturing fleet of
various engine types to compare the emissions from different engines. A spreadsheet version of a
BJES model was used to compare the cases for several basins. There are many factors that impact
emissions on a hydraulic fracturing fleet and all of them must be considered, such as the basin,
pumping rate, operating pressure, pumping hours per day, stage length, and substitution ratios. The
MATLAB code takes all these factors into account and creates an emissions profile for each
hydraulic fracturing technology. Fuel consumption and emissions data is compared for several
hydraulic fracturing technologies to determine which technology has the lowest energy use and
emissions. The code is used to generate emissions profiles for each system during a day of
operation. Factors within the operating cycle, like engine idle time, pumping time, and pumping
pressures and rates, were based on historical data and personal experience within various basins
across the U.S. and Canada. Historical data was also used for the average temperature and altitude
of each basin. The required inputs and desired outputs for each engine type can be seen in Table
5. The MATLAB code can be found in Appendix A.
Table 5: Model Inputs and Outputs

Inputs
Pumping Rate (BPM)
Pressure (PSI)
Pumping Hours per Day
Basin
Stage Length (Hours)
Tier 4 Substitution Ratio (Percentage)
Tier 2 Substitution Ratio (Percentage)

Outputs
Natural Gas Consumption (MCF/Day)
Diesel Consumption (Gallons/Day)
CO2 Emissions (Metric Ton/Day)
CO2e N2O Emissions (Metric Ton/Day)
CO2e CH4 Emissions (Metric Ton/Day)
NOx Emissions (g/kw-hr)
CO Emissions (g/kw-hr)
PM Emissions (g/kw-hr)

Based on the fuel consumption of each engine technology, the code calculates greenhouse gas
emissions using EPA methodology, 40 Code of Federal Regulation Part 98 Subpart W: Mandatory
Greenhouse Gas Reporting for natural gas and petroleum systems. The specific calculation outline
is found in 40 CFR 98.233 paragraph Z [27]. Uncertainty calculations were not computed for the
model as the OEM data did not have uncertainty values. The following sections will show the
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calculations required to construct the model, this includes greenhouse gas emissions, fuel
consumption, and non-greenhouse gas emissions.

3.2 Default Fuel Values and Operating Conditions
To start calculations to determine greenhouse gas emissions from the different hydraulic fracturing
technologies, EPA default fuel values for natural gas and diesel were needed. Using the EPA
methodology mentioned previously, the higher heat value (HHV) and the fuel-specific emissions
factor (EF) for each greenhouse gas and fuel type were needed. The HHV for natural gas was
found to be 1,004 BTU/SCF and diesel to be 1,380 BTU/gal for this model since this is the value
engine manufacturers use to perform engine tests. These values are listed in Table C-1 to Subpart
C of Part 98 - Default CO2 Emission Factors and High Heat Values for Various Types of Fuel in
the Code of Federal Regulations and are shown in Table 6 below. The metric ton values of British
thermal units (BTU) per gallon or standard cubic foot (SCF) of fuel was then found using Equation
2 for natural gas and Equation 3 for diesel.
Table 6: EPA Fuel Values for Natural Gas and Diesel [27]

Natural
Gas

EF CO2
(kg/MMBTU)
53.06

EPA Default Values
EF N2O
(kg/MMBTU)
0.0001

Diesel

EF CO2
(kg/MMBTU)
73.96

EF N2O
(kg/MMBTU)
0.0006

EF CH4
(kg/MMBTU)
0.001

HHV
(BTU/SCF)
1,004

EF CH4
(kg/MMBTU)
0.003

HHV
(BTU/gal)
1,380

Equation 2

𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠/𝑠𝑐𝑓) = 0.001 ∗ 𝐸𝐹 ∗ 𝐻𝐻𝑉/1,000,000
Equation 3

𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠/𝑔𝑎𝑙) = 0.001 ∗ 𝐸𝐹 ∗ 𝐻𝐻𝑉/1,000,000
Where:
0.001 = Conversion factor from kilograms to metric tons
1,000,000 = Conversion factor from BTU to MMBTU
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The next calculation needed is hydraulic horsepower (HHP) required for the conditions inputted
by the user. Equation 4 shows how hydraulic horsepower is calculated.
Equation 4

𝐻𝐻𝑃 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =

𝑅𝑎𝑡𝑒 (𝐵𝑃𝑀) ∗ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑆𝐼) ∗ 42 (

𝑔𝑎𝑙
)
𝑏𝑎𝑟𝑟𝑒𝑙

𝑔𝑎𝑙 ⁄𝑚𝑖𝑛 ∗ 𝑙𝑏𝑓⁄𝑖𝑛2
)
1714 (
𝐻𝑃

Where:
42 = Conversion factor from barrels to gallons
1714 = Unit conversion from gal/min*lbf/in2 to horsepower

3.3 Model Output Calculations
The following steps and calculations under this section are used to determine CO2, CO2e of N2O,
CO2e of CH4, and total CO2e emissions in metric tons generated during a day of hydraulic
fracturing. Depending on the calculation, each type of engine may have its own formula or varying
input numbers.
3.3.1 Number of Engines Required
In the case of the Titan natural gas turbine engine, the number of engines required for a job depends
on the frac fluid rate each engine can put out. The equation to calculate the number of Titan engines
needed for a specific job is shown below in Equation 5.
Equation 5

𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 =

𝑅𝑎𝑡𝑒 (𝐵𝑃𝑀)
𝑅𝑎𝑡𝑒 𝑝𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 (𝐵𝑃𝑀)

The Tier 2 and Tier 4 for both Cummins and Caterpillar engines use the same equation. Tier 2 and
Tier 4 dual fuel, natural gas reciprocating, and large turbine engines also use the same equation
but have a different HHP value per engine. Equation 6 shows this formula.
Equation 6

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 =
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𝐻𝐻𝑃 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝐻𝐻𝑃 𝑝𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒

Where:
HHP per engine (Diesel) = 1550
HHP per engine (Dual Fuel) = 1445
HHP per engine (Natural Gas Recip.) = 2350
HHP per engine (Large Turbine) = 30,750
It is important to note that Equations 5 and 6 will not always output a whole integer. Since it is
impossible to have a fraction of an engine, Equations 5 and 6 must be rounded up to the nearest
whole number to ensure the proper number of needed engines is reported.
3.3.2 Frac Fluid Flow Rate per Engine
The Titan engine is fluid flow rate limited, it cannot load to 100% because of power end
limitations, due to this, the rate depends on the average operating pressure. If the pressure is less
than 10,000 PSI, then the rate per Titan engine is 16 BPM, if the pressure is between 10,000 PSI
and 12,500 PSI, then the rate per engine is 14 BPM, and if the pressure is above 12,500 PSI, then
the rate per engine is 12 BPM. Sixteen, fourteen, or twelve barrels per minute are the values used
when calculating the number of Titan engines needed. Now knowing the number of Titan engines
and its rate limits per the operating pressure, an accurate rate per engine can be computed by using
Equation 7. All the engines utilize this equation when finding the rate per engine.
Equation 7

𝑅𝑎𝑡𝑒 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒 (𝐵𝑃𝑀) =

𝑅𝑎𝑡𝑒 (𝐵𝑃𝑀)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠

3.3.3 Hydraulic Horsepower per Engine
The next variable that needs to be determined is the HHP per engine. All the technologies use the
same formula, displayed below in Equation 8.
Equation 8

𝐻𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒 =

𝐻𝐻𝑃 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
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3.3.4 Shaft Horsepower per Engine
The calculation of required engine shaft horsepower for fracing operation is dependent on HHP
per engine, powertrain efficiency, and parasitic loads. The total power train efficiency, considering
the transmission, power end, and fluid end, is different for each engine technology. Parasitic loads
are loads that are driven by the main engine but are not converted into hydraulic horsepower.
Examples of these loads are, control system and electrical components, cooling pumps for the
engine, fans, radiators, oil pumps, power end lubrication. These loads are not considered losses,
but they do reduce the amount of hydraulic horsepower that the engine can output, thus increasing
emissions.
The Titan direct-drive natural gas turbine has the most efficient power transfer from mechanical
to hydraulic horsepower. There is no need for a transmission, so the parasitic loads are low, thus
no need to include them in the Titan’s shaft horsepower (SHP) formula, shown in Equation 9.
Equation 9

𝑇𝑖𝑡𝑎𝑛 𝑆𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒 =

𝐻𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒
0.9

Where:
Power Efficiency = 0.9 (includes shaft and reduction gearbox)
All the Tier 2 and Tier 4 engines as well as the natural gas reciprocating engine follow the same
formula but use different efficiencies. The basic calculation is shown below in Equation 10.
Equation 10

𝑆𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒 =

𝐻𝐻𝑃 𝑝𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒
+ 134 (𝑆𝐻𝑃)
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

Where:
Tier 2 and Tier 4 (Diesel and Dual Fuel) Power Efficiency = 0.81 (includes shaft and
transmission)
Natural Gas Recip. Power Efficiency = 0.74 (includes shaft and transmission)
Parasitic Load = 134 SHP
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The parasitic load was averaged to be 134 across the different engine types [8].
With the large turbine setup, it typically powers electric frac pumps, it is assumed that this setup
would have as many pumps as the Titan frac setup. This is important because the parasitic loads
are per pump not engine. Equation 11 shows this calculation.
Equation 11

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑆𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒
=

𝐻𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒
+ 134 (𝑆𝐻𝑃) ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
0.78

Where:
Power Efficiency = 0.78 (includes shaft and reduction gearbox)
3.3.5 Diesel Fuel Consumption
This section will give the diesel fuel consumption in gallons per hour, the natural gas reciprocating
engine and the large turbine do not use this calculation because they run entirely on natural gas.
The Titan direct-drive turbine runs on natural gas, but it utilizes a diesel deck engine to start up
and maintain auxiliary systems. This deck engine runs the entire duration of pump time and 10
minutes prior to start-up and 5 minutes post stage for cooldown. Equation 12 shows the diesel fuel
consumption calculation for the Titan engine.
Equation 12

𝑇𝑖𝑡𝑎𝑛 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑔𝑎𝑙/ℎ𝑟) = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 8 (𝑔𝑎𝑙/ℎ𝑟)
Where:
Estimated fuel consumption of the deck engine = 8 gal/hr [8]
The calculation for the remaining Tier 2 and Tier 4 engines, both dual fuel and diesel, is the same.
For these engine types, fuel consumption was interpolated based on engine load using original
OEM data of diesel consumption at a stated horsepower. Utilizing the calculated SHP required,
the diesel fuel consumption can be found by interpolating between the OEM data at 625 HP, 1250
HP, 1875 HP, and 2500 HP. The interpolated value is then multiplied by the number of engines to
find the total diesel consumption for the fleet.
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3.3.6 Natural Gas Fuel Consumption
For the gas fuel consumption calculations, the diesel-powered Tier 2 and Tier 4 engines are not
included, but the dual fuel versions are. The Titan direct drive turbine uses the same interpolation
process as the diesel fuel consumption calculation, but using its own data measured in the field,
HHP instead of SHP, and then multiplied by the Fuel Consumption modifier from Altitude and the
Fuel Consumption modifier from Temp. (SCF/hr) for the specific basin selected. Turbines are
affected by altitude and temperature, so this needs to be accounted for in the turbine engines’
calculations. These values are shown below in Table 7.
Table 7: Basin Data and Fuel consumption modifier [8]

Basins

Average
Temperature (°F)

Average
Altitude (ft)

Haynesville

64.8

200

Fuel
Consumption
modifier
from Temp
SCF/hr
-609.096

1.006

Fuel
Consumption
modifier
from
Temperature
0.983

Permian

64.1

2900

-661.092

1.087

0.981

Montney/Duvernay

36.0

2133

-2748.360

1.064

0.922

SCOOP/STACK

62.0

1296

-817.080

1.039

0.977

Marcellus

47.9

1804

-1867.523

1.054

0.947

Fuel
Consumption
modifier
from Altitude

The data for all but the Marcellus region was provided by BJ Energy Solutions. The Marcellus
average temperature and altitude was found using historical data for the middle point of the shale
play in Dubois, Pennsylvania. The average temperature and altitude were measured from the
Dubois Regional Airport [28][29]. Equation 13, 14, and 15 below display how fuel consumption
modifier from temperature (SCF/hr), fuel consumption modifier from altitude, and fuel
consumption modifier from temperature, respectfully, are calculated.
Equation 13

𝑆𝐶𝐹
) = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇𝑒𝑚𝑝. (℉) − 73) ∗ 74.28
𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝. (
ℎ𝑟
Where:
Fuel Consumption Modifier = 74.28 SCF/hr per °F
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Equation 14

𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒 = 3% ∗

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒 (𝑓𝑡)
+1
1000

Where:
% Fuel increase per 1000 feet = 3%
Equation 15

𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
= (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇𝑒𝑚𝑝. (℉) − 73) ∗

74.28
𝑆𝐶𝐹
𝑇𝑖𝑡𝑎𝑛 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
)
ℎ𝑟
𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠

+1

Natural gas fuel consumption for dual fuel engines is calculated the same way as diesel fuel
consumption, using OEM dual fuel data and interpolating a value for a specific required output
SHP, then multiplying by the number of engines. The natural gas fuel consumption of the large
turbine engine was calculated the same way as the Titan engine while using its own data for the
interpolation. The natural gas reciprocating engine uses a different formula, shown in Equation 16.
OEM data was used from Caterpillar on the G3520H genset application. The OEM data sheets
used can be found in Appendix B [8].
Equation 16

𝑆𝐶𝐹
)
𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑆𝐻𝑃 𝑝𝑒𝑟 𝑒𝑛𝑔𝑖𝑛𝑒 − 2607
=[
∗ (21,664 − 16,561) + 16,561]
3467 − 2607
∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
Where:
Brake Horsepower @ 75% = 2607
Brake Horsepower @ 100% = 3467
Fuel Consumption (SCF/hr) @ 75% = 16,561
Fuel Consumption (SCF/hr) @ 100% = 21,664
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3.3.7 Natural Gas Fuel Consumption at Idle
Idle fuel consumption needs to be considered for all engines. For the gas turbines and natural gas
reciprocating engines, natural gas fuel consumption is shown below in Equations 17-19. The Titan
and the large turbine have almost identical formulas, shown below in Equation 17 and 18.
Equation 17

𝑆𝐶𝐹
)
𝑇𝑖𝑡𝑎𝑛 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
ℎ𝑟
= 5920 ∗ 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒
Where:
Fuel Consumption at Idle = 5920 SCF/hr
The fuel consumption at idle information was determine during emissions testing of the Titan by
a third party [8].
Equation 18

𝑆𝐶𝐹
)
𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑆𝐶𝐹
) ∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
= 51,320.82 (
ℎ𝑟
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒
Where:
Fuel Consumption at Idle = 51,320.82 SCF/hr
The natural gas reciprocating engine uses a different equation, shown in Equation 19.
Equation 19

𝑆𝐶𝐹
)
𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
ℎ𝑟
= 11,535.27 (𝑆𝐶𝐹 ⁄ℎ𝑟) ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
Where:
Fuel Consumption (SCF/hr) @ 50% = 11,535.27
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3.3.8 Diesel Fuel Consumption at Idle
Emissions regulatory bodies use an idle fuel factor to estimate a diesel engine’s fuel consumption
when idling, which is based on engine displacement. This factor is 0.6 L/hr*engine displacement.
All the Tier 2 and Tier 4 engines use the same equation, with varying results based on different
engine displacements. The general formula to find an individual engine’s diesel consumption at
idle is displayed in Equation 20 below.
Equation 20

𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
= 0.6 (

𝑔𝑎𝑙
)
ℎ𝑟

𝐿
∗ 𝑒𝑛𝑔𝑖𝑛𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡)
ℎ𝑟

𝐿
)
∗ 𝐸𝑛𝑔𝑖𝑛𝑒 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝐿)/3.78541 (
𝑔𝑎𝑙
Where:
Conversion factor = 3.78541 L/gal
Engine displacement values were found from OEM data and are in Table 8.
Table 8: Engine Displacements

Engine Model
Engine Displacement (L) Fuel Consumption at Idle (gal/hr)
Caterpillar 3512 Tier 2
58.93
9.34
Caterpillar 3512 Tier 4
58.93
9.34
Cummins QSK50 Tier 2
50.30
7.97
Cummins QSK50 Tier 4
50.50
8.00

Equation 21 shows the general calculation to find the diesel fuel consumption per hour at idle for
the entire fleet.
Equation 21

𝑔𝑎𝑙
)
𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑔𝑎𝑙
)
= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝐼𝑑𝑙𝑒 (
ℎ𝑟
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For the Titan turbine engine, the diesel fuel consumption at idle is the same as the earlier diesel
fuel consumption calculation.
3.3.9 Daily Idle Time
The daily idle time for all the technologies except the turbines is calculated by subtracting the
number of pumping hours from the number of hours in a day (24 hours). The Titan’s daily idle
time was determined from field data taken in September and October 2021. The total run time in
hours was noted for each month as well as the total time in hours at idle. The average of the two
months was taken, and a daily average idle time was found.
3.3.10 CO2 Emissions (Metric Ton/hr)
Now that all the background equations (engine power, idle time, and fuel consumption) have been
calculated, the emissions calculations can be performed using emissions factors based on fuel
consumption. It starts with the CO2 emissions calculation in terms of metric ton/hour. The Titan’s
calculation is like its gas fuel consumption calculation, where an interpolation is used. For this
interpolation HHP is used along with CO2 emissions. These known HHP and CO2 emission values
are used to interpolate CO2 emissions at a certain HHP. Fuel consumption modifiers as well as
other variables go into the equation, shown below in Equation 22.
Equation 22

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑜𝑟 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
ℎ𝑟
𝑔𝑎𝑙

The CO2 emissions for the Tier 2 and Tier 4 diesel engines are calculated according to Equation
23.
Equation 23

𝐷𝑖𝑒𝑠𝑒𝑙 𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐶𝑂2 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
ℎ𝑟
𝑔𝑎𝑙

30

The large turbine and natural gas reciprocating engines CO2 equation is the same structure as
Equation 23 except Diesel Fuel Consumption (gal/hr) is replaced with Gas Fuel Consumption
(SCF/hr) and exchanging the CO2 Diesel Emissions (Metric Ton/gal) for CO2 Gas Emissions
(Metric Ton/SCF). This is shown in Equation 24.
Equation 24

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑎𝑛𝑑 𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐶𝑂2 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
ℎ𝑟
𝑆𝐶𝐹

Since the dual fuel engines use both diesel and natural gas, Equations 23 and 24 are added together
to get Equation 25.
Equation 25

𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑂2 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
ℎ𝑟
𝑔𝑎𝑙

𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
+ 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑆𝐶𝐹
3.3.11 CO2e N2O Emissions (Metric Ton/hr)
The next step is to calculate the CO2 equivalent N2O emissions. This is completed in the almost
the same way as the previous section. The equations use the N2O emissions data instead of CO2
and at the end of the equation is multiplied by the GWP of N2O. This is shown in Equation 26.
Equation 26

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 𝑒 𝑁2 𝑂 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑜𝑟 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑔𝑎𝑙
∗ 265
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Where:
N2O GWP = 265
The remaining fracing technologies equations are the same as the previous section except
swapping the CO2 emissions with N2O and multiplying by GWP of N2O. They are shown below
in Equation 27, Equation 28, and Equation 29.
Equation 27

𝐷𝑖𝑒𝑠𝑒𝑙 𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐶𝑂2 𝑒 𝑁2 𝑂 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
ℎ𝑟
𝑔𝑎𝑙

∗ 265

Equation 28

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑎𝑛𝑑 𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐶𝑂2 𝑒 𝑁2 𝑂 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
ℎ𝑟
𝑆𝐶𝐹

∗ 265

Equation 29

𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑂2 𝑒 𝑁2 𝑂 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
= [𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑔𝑎𝑙
+ 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)] ∗ 265
ℎ𝑟
𝑆𝐶𝐹

3.3.12 CO2e CH4 Emissions (Metric Ton/hr)
The diesel engines and the turbine engines have the same formulas as the previous section. The
only difference is replacing the N2O values with CH4 values. These equations are displayed below
in Equation 30, Equation 31, and Equation 32.
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Equation 30

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 𝑒 𝐶𝐻4 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝑇𝑖𝑡𝑎𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑜𝑟 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 𝑓𝑟𝑜𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝐻4 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑔𝑎𝑙
∗ 28
Where:
CH4 GWP = 28

Equation 31

𝐷𝑖𝑒𝑠𝑒𝑙 𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐶𝑂2 𝑒 𝐶𝐻4 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝐻4 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
ℎ𝑟
𝑔𝑎𝑙

∗ 28

Equation 32

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐶𝑂2 𝑒 𝐶𝐻4 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛/ℎ𝑟)
= [𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝐻4 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)]
ℎ𝑟
𝑆𝐶𝐹

∗ 28
The other engines that use natural gas as fuel must account for methane slip when calculating CH4
emissions. Dual fuel and natural gas reciprocating engines can have significant methane slip at
partial or full load. This is because of cyclical power stroke of a reciprocating engines. With each
valve opening some unburnt natural gas will slip through. Before CO2e CH4 can be determined the
methane slip must be found in terms of g/kw-hr. This is calculated using interpolation. From the
OEM there are a few known methane slip values at different SHP. With the known SHP for the
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initial conditions provided the correct methane slip for that specific SHP can be interpolated using
the shared OEM data. The calculation to find CO2e CH4 for the dual fuel engines and the natural
gas reciprocating engine are the same and displayed below in Equation 33.
Equation 33

𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 2⁄4 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑂2 𝑒 𝐶𝐻4 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛⁄ℎ𝑟)
= 𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑆𝑙𝑖𝑝 (𝑔⁄𝑘𝑤 − ℎ𝑟) ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 𝑆𝐻𝑃 𝑝𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒
𝑘𝑤
28
∗ 0.7457 ( ) ∗
𝐻𝑃 1,000,000 (𝑔⁄𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
Where:
Conversion of kw to hp = 0.7457
Conversion of g to Metric Tons = 1,000,000

3.3.13 CO2 Emissions Generated during given pumping hours per day
Now that the greenhouse gases emissions are in metric ton/hour, the specific emissions for the set
pumping hours per day can be found in terms of metric tons. The equation for the Titan engine is
shown in Equation 34.
Equation 34

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑆𝐶𝐹
)
+ 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝑖𝑑𝑙𝑒 (
𝐷𝑎𝑦
= 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
)
∗ 𝐶𝑂2 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
𝑆𝐶𝐹
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
)
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝑖𝑑𝑙𝑒 ∗ 𝐶𝑂2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
𝑔𝑎𝑙
ℎ𝑟𝑠
)
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
𝑑𝑎𝑦

34

The Tier 2 and Tier 4 diesel and dual fuel engines use a similar formula. This formula utilizes the
fuel consumption at idle found in Equation 20. The calculation is demonstrated below in Equation
35.
Equation 35

𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐷𝑖𝑒𝑠𝑒𝑙 𝑎𝑛𝑑 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 𝐶𝑂2 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
= 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
ℎ𝑟
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝑂2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑔𝑎𝑙
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (

ℎ𝑟𝑠
)
𝑑𝑎𝑦

Equation 36 shows the natural gas reciprocating engine calculation and Equation 37 shows the
large turbine calculation.
Equation 36

𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
ℎ𝑟𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
) ∗ 50%
+ 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
ℎ𝑟
𝑑𝑎𝑦
= 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

Where:
Load = 50%
Equation 37

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
𝑇𝑜𝑛𝑠
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 3.59 (𝑀𝑒𝑡𝑟𝑖𝑐
)
= 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
ℎ𝑟
ℎ𝑟
ℎ𝑟𝑠
)
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
𝑑𝑎𝑦

35

Where:
CO2e (Metric Tons/hr) @ idle = 3.59
3.3.14 CO2e of N2O Emissions Generated during given pumping hours per day
The calculations for this section are very similar to the last one. The main differences are using
the N2O values instead of CO2 and to multiply the equations by the GWP of N2O. Equation 38
shows the calculation for the Titan engine.
Equation 38

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 𝑒 𝑁2 𝑂 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
= 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟

+ (𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝑖𝑑𝑙𝑒 (
∗ 𝑁2 𝑂 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

𝑆𝐶𝐹
)
𝐷𝑎𝑦

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
)
𝑆𝐶𝐹

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
)
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝑖𝑑𝑙𝑒 ∗ 𝑁2 𝑂 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
𝑔𝑎𝑙
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (

ℎ𝑟𝑠
)) ∗ 265
𝑑𝑎𝑦

Equation 39 displays the formula for Tier 2 and Tier 4 diesel and dual fuel engines.
Equation 39

𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐷𝑖𝑒𝑠𝑒𝑙 𝑎𝑛𝑑 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 𝐶𝑂2 𝑒 𝑁2 𝑂 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
ℎ𝑟
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑁2 𝑂 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑔𝑎𝑙
= 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (

ℎ𝑟𝑠
) ∗ 265
𝑑𝑎𝑦

Equation 40 shows the natural gas reciprocating engine calculation for finding CO2e of N2O
emissions generated during given pumping hours per day.
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Equation 40

𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑒 𝑁2 𝑂 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
ℎ𝑟𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
) ∗ 50%
+ 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
ℎ𝑟
𝑑𝑎𝑦
= 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

Where:
Load = 50%

The large turbine calculation is simple and shown below in Equation 41.
Equation 41

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑒 𝑁2 𝑂 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
= 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟

3.3.15 CO2e of CH4 Emissions Generated during given pumping hours per day
For methane emissions calculations, Titan and the natural gas reciprocating engine have different
equations than before. The remaining engine types have the same equations with substitutions of
N2O values for CH4 values. Equation 42 shows the Titan calculation.
Equation 42

𝑇𝑖𝑡𝑎𝑛 𝐶𝑂2 𝑒 𝐶𝐻4 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 28
= 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
ℎ𝑟
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠
ℎ𝑟𝑠
𝑙𝑏𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
) ∗ 6.02 ( )
∗ 0.000453592 (
𝑙𝑏𝑠
𝑑𝑎𝑦
ℎ𝑟
𝑔𝑎𝑙
)
ℎ𝑟
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
ℎ𝑟𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
∗ 𝐶𝐻4 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
𝑔𝑎𝑙
𝑑𝑎𝑦
∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 + 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
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Where:
Conversion of lbs to Metric Tons = 0.000453592
Titan emissions at idle= 6.02 lbs/hr
Equation 43 displays the formula for Tier 2 and Tier 4 diesel and dual fuel engines.
Equation 43

𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐷𝑖𝑒𝑠𝑒𝑙 𝑎𝑛𝑑 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 𝐶𝑂2 𝑒 𝐶𝐻4 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠
ℎ𝑟
𝑔𝑎𝑙
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝐶𝐻4 𝐷𝑖𝑒𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (
)
∗ 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑔𝑎𝑙
= 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (

ℎ𝑟𝑠
) ∗ 28
𝑑𝑎𝑦

The large turbine calculation is simple and shown below in Equation 44.
Equation 44

𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑒 𝐶𝐻4 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
= 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟

The natural gas reciprocating engine has a different formula than before, it is shown below in
Equation 45.
Equation 45

𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝐸𝑛𝑔𝑖𝑛𝑒 𝐶𝑂2 𝑒 𝐶𝐻4 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 1.94 (𝑔⁄𝑏ℎ𝑝 − ℎ𝑟)
ℎ𝑟
ℎ𝑟𝑠
) ∗ 0.5 ∗ 1756 (𝑏ℎ𝑝)⁄1,000,000
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
𝑑𝑎𝑦
= 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (

∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 28

38

Where:
Brake Horsepower (bhp) @ 50% Load = 1756
CH4 Emissions @ 50% Load (g/bhp-hr) = 1.94

3.3.16 Total CO2e Emissions Generated during given pumping hours per day
This section is the easiest thus far. The total CO2e emissions is just the CO2, CO2e of N2O, and
CO2e of CH4 added together and it is the same for all engine types. This is displayed in Equation
46 below.
Equation 46

𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠) + 𝑁2 𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
+ 𝐶𝐻4 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠)
The Total CO2e emissions were plotted in a stacked bar graph that shows the break down
between CO2, N2O, and CH4.
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3.4 Fuel Consumption
A fuel consumption table was constructed to determine the amount of fuel per day, both diesel and
natural gas, consumed by these hydraulic fracturing technologies in the given pumping hours. In
the MATLAB code the fuel consumption calculations are suppressed and do not show up in the
command window after the code is executed. This can be changed by removing the semi colons
after the formulas.
3.4.1 Natural Gas Fuel Consumption
The engines that use natural gas are the Titan, Tier 2 and Tier 4 dual fuels, natural gas reciprocating
engine, and the large turbine. The calculations for these engines are shown below in Equation 47,
Equation 48, and Equation 49, respectively. Tier 2 and Tier 4 have the same equation (Equation
48) and the Natural Gas Engine, and the large turbine also have the same equation (Equation 49).
Equation 47

𝑇𝑖𝑡𝑎𝑛 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑀𝐶𝐹
)
𝐷𝑎𝑦

𝑆𝐶𝐹
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
= (𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑆𝐶𝐹
𝑆𝐶𝐹
)) /1,000 (
)
+ 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑀𝐶𝐹
Where:
Conversion from SCF to MCF = 1,000

Equation 48

𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
= 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

𝑀𝐶𝐹
)
𝐷𝑎𝑦

𝑆𝐶𝐹
𝑆𝐶𝐹
)⁄1,000 (
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑀𝐶𝐹
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Equation 49
𝑀𝐶𝐹
𝑁𝑎𝑡. 𝐺𝑎𝑠 𝑅𝑒𝑐𝑖𝑝. 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝐿𝑎𝑟𝑔𝑒 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 (
)
𝐷𝑎𝑦
(𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
=

𝑆𝐶𝐹
𝑆𝐶𝐹
ℎ𝑟𝑠
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦 + 𝐺𝑎𝑠 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @𝐼𝑑𝑙𝑒 (
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
))
ℎ𝑟
ℎ𝑟
𝑑𝑎𝑦
𝑆𝐶𝐹
)
1,000 (
𝑀𝐶𝐹

3.4.2 Diesel Fuel Consumption
Diesel fuel consumption was calculated for all engines except the natural gas reciprocating engine
and the large turbine.
The Titan has a deck engine also uses diesel fuel, the formula for calculating its consumption is
shown in Equation 50.
Equation 50

𝐺𝑎𝑙
)
𝑇𝑖𝑡𝑎𝑛 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝐷𝑎𝑦
𝑔𝑎𝑙
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
= 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑔𝑎𝑙
ℎ𝑟𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
)
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑑𝑎𝑦
Since there is both a Cummins and a Caterpillar diesel engine represented in each tier within the
model, the average between the two was taken so that each tier only had one fuel consumption
value. The formulas for Tier 2 and Tier 4 diesel engines are shown in Equation 51 and Equation
52, respectively.
Equation 51

𝐺𝑎𝑙
)
𝑇𝑖𝑒𝑟 2 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝐷𝑎𝑦
𝑔𝑎𝑙
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑔𝑎𝑙
)
+ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 𝑇𝑖𝑒𝑟 2 𝐴𝑣𝑔. 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
ℎ𝑟𝑠
)
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
𝑑𝑎𝑦
= 𝑇𝑖𝑒𝑟 2 𝐴𝑣𝑔. 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
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Equation 52

𝐺𝑎𝑙
)
𝑇𝑖𝑒𝑟 4 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝐷𝑎𝑦
𝑔𝑎𝑙
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
ℎ𝑟
𝑔𝑎𝑙
)
+ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 ∗ 𝑇𝑖𝑒𝑟 4 𝐴𝑣𝑔. 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
ℎ𝑟𝑠
)
∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
𝑑𝑎𝑦
= 𝑇𝑖𝑒𝑟 4 𝐴𝑣𝑔. 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (

Both the dual fuel engines have the same formula for diesel consumption, shown below in Equation
53.
Equation 53

𝐺𝑎𝑙
)
𝑇𝑖𝑒𝑟 2 𝑎𝑛𝑑 𝑇𝑖𝑒𝑟 4 𝐷𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐷𝑖𝑒𝑠𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝐷𝑎𝑦
𝑔𝑎𝑙
) ∗ 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠⁄𝑑𝑎𝑦
= 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
ℎ𝑟
𝑔𝑎𝑙
ℎ𝑟𝑠
) ∗ 𝐷𝑎𝑖𝑙𝑦 𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒 (
)
+ 𝐷𝑖𝑒𝑠𝑒𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 @ 𝐼𝑑𝑙𝑒 (
ℎ𝑟
𝑑𝑎𝑦

3.5 Non-Greenhouse Gas Emissions
The three non-greenhouse emissions that were looked at for this model are CO, NOx, and PM. For
all the engine technologies excluding the Titan some OEM emissions data was provided at certain
SHP values. For the Titan, emissions measurements were taken in the field at four SHP points for
the three non-greenhouse gases.
3.5.1 NOx Emission Rate (g/kw-hr)
Data was provided by the OEM for both dual fuel engines and the natural gas reciprocating engine.
To find the NOx emission rate for the Titan, dual fuels, and natural gas engines, an interpolation
was done at the SHP for the inputted parameters. For the Tier 2 and Tier 4 diesel engines and the
large turbine, the OEM only provided one constant NOx emission rate and did not divulge rates at
different SHP.
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3.5.2 CO Emission Rate (g/kw-hr)
CO emission rate was calculated for the same engines as NOx and the same engine data points
were left out by the OEM.
3.5.3 PM Emission Rate (g/kw-hr)
Sufficient PM emission data was only given by the OEM for the Tier 2 Dual Fuel. So only the
Titan and Tier 2 Dual Fuel PM rates were interpolated. The OEM gave only one PM emission rate
for Tier 2 and Tier 4 diesel engines, Tier 4 dual fuel engine, and the natural gas reciprocating
engine. No OEM data was given for the large turbine so no value for PM emission rate is shown
for that engine.

4. Results and Discussion
4.1 Case Selection
Modeling cases were selected to compare the emissions from various engine types across a variety
of shale gas basins and plays. A total of eight cases were run across 4 shale gas basins and plays,
with the model compared against results presented in a white paper from BJ Energy Solutions [8].
The first five cases were taken from a previous model and those results are published in the abovementioned white paper. Cases 7 and 8 differ only in natural gas substitution rates from cases 1 and
4. This made it so it could be seen how only changing the substitution ratios changes the emission
values. The last case that was tested was a Marcellus shale case. The eight cases and their
parameters are shown below in Table 9.
Table 9: Test Case Parameters
Case

Basin

1
2

Haynesville
Permian
Haynesville
Simulfrac
Permian Simulfrac
Montney/Duvernay
Marcellus
Haynesville
Permian Simulfrac

3
4
5
6
7
8

12,000
9,000

Stage
Length
Hours
3
3

Tier 2
Dual Fuel
Sub. %
65
65

Tier 4
Dual Fuel
Sub. %
85
85

160

12,000

3

65

85

240
110
80
80
240

9,000
12,000
9,000
12,000
9,000

3
3
2
3
3

65
65
65
50
50

85
85
85
70
70

Pumping
Hours

Rate
(BPM)

Pressure
(PSI)

17
17

80
120

17
17
17
17
17
17
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All eight test cases were run on the MATLAB model and then compared to the BJES model.

4.2 Haynesville Shale Play Results – Case 1
The Haynesville shale play case (Case 1) has parameters of 17 pumping hours at a rate of 80 BPM,
with an average operating pressure of 12,000 PSI, a stage length of 3 hours, Tier 2 dual fuel
substitution percentage of 65%, and the Tier 4 substitution percentage of 85%. The greenhouse
gas graphs from the MATLAB model are shown below in Figure 9.

Figure 9: Case 1 MATLAB Model Greenhouse Gas Emissions per day
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Table 10 shows the breakdown of CO2, N2O, and CH4 emissions in table format.
Table 10: Case 1 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine
Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
207.8

CO2e N2O Emissions
(Metric Ton)
0.38

CO2e CH4 Emissions
(Metric Ton)
0.55

CO2e Emissions
(Metric Ton)
208.7

191.0

0.10

31.1

222.2

250.1

0.11

0.12

250.3

254.8

0.22

38.4

293.4

279.1

0.60

0.32

280.0

293.9

0.63

0.33

294.9

257.1

0.31

110.9

368.3

As can be seen from the above figure and table, the Titan had the lowest CO2e emissions at 208.7
Metric Tons and the Tier 2 dual fuel had the highest at 368.3 Metric Tons. From looking at Table
10, the three components of the total CO2e value can be broken down. The natural gas reciprocating
engine has the lowest CO2 and N2O emissions at 191.0 Metric Tons and 0.10 Metric Tons. The
Tier 4 diesel engine had the highest CO2 and N2O emissions at 293.9 Metric Tons and 0.63 Metric
Tons. The Tier 2 dual fuel engine had the worst CH4 emissions, of 110.9 Metric Tons, by nearly
triple the next closest engine, the Tier 4 dual fuel at 38.4 Metric Tons. The large turbine generator
has the lowest CH4 emissions value for case 1 at 0.12 Metric Tons per day.
Figures 10, 11, and 12 report the non-greenhouse gas emission rates of PM, NOx, and CO for the
Haynesville shale play.
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Figure 10: Case 1 MATLAB Model PM Emission Rate

Figure 11: Case 1 MATLAB Model NOx Emission Rate
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Figure 12: Case 1 MATLAB Model CO Emission Rate

The non-greenhouse gas emission rates are displayed in tabular form below.
Table 11: Case 1 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.22

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel
Tier 4 Diesel

1.98

1.34

0.04

0.09

1.24

N/A

0.01
3.50
0.22

2.86
5.74
3.50

0.04
0.08
0.04

Tier 2 Dual Fuel

0.58

3.18

0.09

Titan

The values that are in red are the emission rates that change depending on the operating conditions.
Values that are in black are constants. For both diesel engines and the large turbine generator, the
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OEM only supplied non-greenhouse gas emissions rates for one scenario and not multiple data
points. Because of this no interpolation can be drawn so non-greenhouse gas emission rates cannot
be estimated. This also holds true for the natural gas reciprocating engine for NOx and PM emission
rates. In the instance of PM emission rates for the large turbine generator no information was
provided.
In case 1, the Tier 4 dual fuel engine claims the lowest CO emission rate with 0.01 g/kw-hr and
the Tier 2 diesel engine had the highest CO emission rate at 3.50 g/kw-hr. The Tier 2 diesel engine
also had the highest emission rate for NOx with a value of 5.74 g/kw-hr. The Titan direct-drive
turbine engine had the lowest emission rate for both NOx and PM with values at 1.22 g/kw-hr and
0.02 g/kw-hr. In the PM emission rate column, it is seen that Tier 2 dual fuel had the highest value
at 0.09 g/kw-hr.

4.3 Permian Shale Basin Results - Case 2
The Permian shale basin case (Case 2) has parameters of 17 pumping hours at a rate of 120 BPM,
with an average operating pressure of 9,000 PSI, a stage length of 3 hours, Tier 2 dual fuel
substitution percentage of 65%, and the Tier 4 substitution percentage of 85%. Figure 13 and
Table 12 display greenhouse gas emissions for case 2 and are shown below.

Figure 13: Case 2 MATLAB Model Greenhouse Gas Emissions per day
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Table 12: Case 2 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
253.3

N2O Emissions
(Metric Ton)
0.74

CH4 Emissions
(Metric Ton)
0.63

CO2e Emissions
(Metric Ton)
254.7

214.2

0.11

34.8

249.1

287.9

0.13

0.14

288.2

286.4

0.25

42.9

329.6

314.0

0.67

0.36

315.0

330.7

0.71

0.38

331.8

289.0

0.35

124.3

413.7

From Table 12, it can be determined that under these operating conditions the natural gas
reciprocating engine had the lowest total CO2e emissions at 249.1 Metric Tons and the Tier 2 dual
fuel engine had the highest total CO2e emissions with 413.7 Metric Tons. The natural gas
reciprocating engine also had the lowest CO2 and N2O emissions with 214.2 Metric Tons and 0.11
Metric Tons. The Tier 4 diesel engine had the most CO2 emissions at 330.7 Metric Tons and the
Titan engine had the highest N2O emissions with 0.74 Metric Tons. For CH4 emissions the Tier 2
dual fuel had the highest with 124.3 Metric Tons, about three times more than the next closest
engine, the Tier 4 dual fuel. The Tier 2 diesel engine had the lowest CH4 emissions with 0.36
Metric Tons. Figures 14, 15, 16 and Table 13 below show the non-greenhouse gas emission rates
for case 2.
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Figure 14: Case 2 MATLAB Model PM Emission Rate

Figure 15: Case 2 MATLAB Model NOx Emission Rate
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Figure 16: Case 2 MATLAB Model CO Emission Rate

Table 13: Case 2 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.14

PM Emission Rate
(g/kw-hr)
0.05

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel

1.99

1.34

0.04

0.09

1.24

N/A

0.01

2.86

0.04

Tier 2 Diesel
Tier 4 Diesel

3.50
0.22

5.74
3.50

0.08
0.04

Tier 2 Dual Fuel

0.59

3.16

0.09

Titan

From observing Table 13 for CO emission rate that the Tier 4 dual fuel engine had the lowest with
0.01 g/kw-hr and the Tier 2 diesel engine once again had the highest with 3.50 g/kw-hr. The Tier
2 diesel engine also had the highest emission rate for NOx with 5.74 g/kw-hr, while the Titan had
the lowest NOx emission rate at 1.14 g/kw-hr. For PM emission rate, Tier 2 dual fuel engine once
51

again had the highest emission rate with 0.09 g/kw-hr and a three-way tie for the lowest emission
rate between, natural gas reciprocating engine, Tier 4 dual fuel engine, and the Tier 4 diesel engine,
all with 0.04 g/kw-hr.
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4.4 Haynesville Shale Play Simulfrac Results - Case 3
The Haynesville shale play case with a simulfrac operation (Case 3) has parameters of 17 pumping
hours at a rate of 160 BPM, with an average operating pressure of 12,000 PSI, a stage length of 3
hours, Tier 2 dual fuel substation percentage of 65%, and the Tier 4 substitution percentage of
85%. Figure 17 and Table 14 below show greenhouse gas emissions for case 3.

Figure 17: Case 3 MATLAB Model Greenhouse Gas Emissions per day
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Table 14: Case 3 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
415.5

N2O Emissions
(Metric Ton)
0.76

CH4 Emissions
(Metric Ton)
1.10

CO2e Emissions
(Metric Ton)
417.4

380.2

0.19

61.7

442.1

482.5

0.23

0.24

483.0

512.4

0.48

73.2

586.1

556.0

1.20

0.63

557.8

586.0

1.26

0.67

587.9

514.4

0.64

213.9

728.9

The total CO2e values should be around double the emissions in case 1 because the rate is doubled
due to the simulfrac operation. A simulfrac operation is when two frac fleets are on the same pad,
drilling the same set of wells, thus finishing a set of wells much sooner than if there was just one
fleet. Starting off with the CO2 emissions, its seen that the Titan had the lowest with 415.5 Metric
Tons and the Tier 4 diesel engine emits the most CO2 with 586.0 Metric Tons. The natural gas
reciprocating engine had the lowest N2O emissions with 0.19 Metric Tons and the Tier 4 diesel
engine had the highest with 1.26 Metric Tons. The large turbine Generator had the lowest CH4
emissions with 0.24 Metric Tons and the Tier 2 dual fuel engine by far had the highest, with over
triple the next closest engine, at 213.9 Metric Tons. The engine with the most total CO2e emissions
is the Tier 2 dual fuel engine with 728.9 Metric Tons and the Titan engine had the least with 417.4
Metric Tons. Figures 18, 19, 20 and Table 15 below show the non-greenhouse gas emission rates.
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Figure 18: Case 3 MATLAB Model PM Emission Rate

Figure 19: Case 3 MATLAB Model NOx Emission Rate
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Figure 20: Case 3 MATLAB Model CO Emission Rate

Table 15: Case 3 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.22

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel

2.00

1.34

0.04

0.09

1.24

N/A

0.01
3.50

2.87
5.74

0.04
0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.62

3.10

0.09

Titan

In this case, the Tier 4 dual fuel engine claims the lowest CO emission rate with 0.01 g/kw-hr and
the Tier 2 diesel engine had the highest CO emission rate at 3.50 g/kw-hr. The Tier 2 diesel engine
also had the highest emission rate for NOx with a value of 5.74 g/kw-hr. The Titan direct-drive
turbine engine had the lowest emission rate for both NOx and PM with values at 1.22 g/kw-hr and
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0.02 g/kw-hr. In the PM emission rate column, it is seen that Tier 2 dual fuel had the highest value
at 0.09 g/kw-hr.
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4.5 Permian Shale Basin Simulfrac Results - Case 4
The Permian shale basin simulfrac case (Case 4) has parameters of 17 pumping hours at a rate of
240 BPM, with an average operating pressure of 9,000 PSI, a stage length of 3 hours, Tier 2 dual
fuel substation percentage of 65%, and Tier 4 dual fuel substitution percentage of 85%. Figure 21
and Table 16 show the greenhouse gas emissions for case 4.

Figure 21: Case 4 MATLAB Model Greenhouse Gas Emissions per day
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Table 16: Case 4 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
507.1

N2O Emissions
(Metric Ton)
1.20

CH4 Emissions
(Metric Ton)
1.27

CO2e Emissions
(Metric Ton)
509.6

426.6

0.21

69.0

495.8

560.2

0.27

0.28

560.8

578.3

0.55

81.5

660.4

625.8

1.35

0.71

627.9

659.5

1.42

0.75

661.7

579.4

0.73

238.2

818.3

This case utilizes about double the number of pumps do to the simulfrac so the emissions should
be roughly double that of case 2. From Table 16, it can be determined that under these operating
conditions the natural gas reciprocating engine had the lowest total CO2e emissions at 495.8 Metric
Tons and the Tier 2 dual fuel engine had the highest total CO2e emissions with 818.3 Metric Tons.
The natural gas reciprocating engine also had the lowest CO2 and N2O emissions with 426.6 Metric
Tons and 0.21 Metric Tons. The Tier 4 diesel engine had the most CO2 and N2O emissions at 659.5
Metric Tons and 1.42 Metric Tons. For CH4 emissions the Tier 2 dual fuel had the highest, with
238.2 Metric Tons, about three times more than the next closest engine, the Tier 4 dual fuel. The
Tier 2 diesel engine had the lowest CH4 emissions with 0.71 Metric Tons. Figures 22, 23, 24 and
Table 17 below show the non-greenhouse gas emission rates.
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Figure 22: Case 4 MATLAB Model PM Emission Rate

Figure 23: Case 4 MATLAB Model NOx Emission Rate
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Figure 24: Case 4 MATLAB Model CO Emission Rate

Table 17: Case 4 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.10

NOx Emission Rate
(g/kw-hr)
1.16

PM Emission Rate
(g/kw-hr)
0.04

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel

2.01

1.34

0.04

0.09

1.24

N/A

0.01
3.50

2.87
5.74

0.04
0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.62

3.09

0.08

Titan

From observing Table 17, the Tier 4 dual fuel engine had the lowest with 0.01 g/kw-hr CO
emission rate and the Tier 2 diesel engine had the highest with 3.50 g/kw-hr. The Tier 2 diesel
engine also had the highest emission rate for NOx with 5.74 g/kw-hr, while the Titan had the lowest
NOx emission rate at 1.16 g/kw-hr. For PM emission rate, Tier 2 dual fuel engine and the Tier 2
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diesel engine tied for the highest emission rate with 0.08 g/kw-hr and a four-way tie for the lowest
emission rate between, natural gas reciprocating engine, Tier 4 dual fuel engine, Tier 4 diesel
engine, and the Titan all with 0.04 g/kw-hr.
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4.6 Montney/Duvernay Shale Play Results - Case 5
The Montney/Duvernay shale play case (Case 5) has parameters of 17 pumping hours at a rate of
110 BPM, with an average operating pressure of 12,000 PSI, a stage length of 3 hours, Tier 2 dual
fuel substation percentage of 65%, and Tier 4 dual fuel substitution percentage of 85%. Figure 25
and Table 18 below show greenhouse gas emissions for case 5.

Figure 25: Case 5 MATLAB Model Greenhouse Gas Emissions per day
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Table 18: Case 5 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
282.7

N2O Emissions
(Metric Ton)
0.50

CH4 Emissions
(Metric Ton)
0.74

CO2e Emissions
(Metric Ton)
283.9

260.6

0.13

42.1

302.8

399.2

0.19

0.20

399.6

349.7

0.31

51.8

401.8

381.6

0.82

0.43

382.9

402.3

0.86

0.46

403.6

352.8

0.43

151.1

504.3

From Table 18, it is seen that the natural gas reciprocating engine had the lowest emissions of CO2
and N2O, at 260.6 Metric Tons and 0.13 Metric Tons. The Tier 4 diesel engine had the highest
emissions of CO2 and N2O, at 402.3 Metric Tons and 0.86 Metric Tons. For CH4 emissions the
large turbine generator is the lowest with 0.20 Metric Tons and the Tier 2 dual fuel engine was the
highest by almost triple, with a value of 151.1 Metric Tons. Even though the Titan did not have
the lowest values in any of the three categories, it still ends up emitting the lowest CO2e emissions
of 283.9 Metric Tons and the Tier 2 dual fuel had the highest value, with 504.3 Metric Tons.
Figures 26, 27, 28 and Table 19 below show the non-greenhouse gas emission rates.
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Figure 26: Case 5 MATLAB Model PM Emission Rate

Figure 27: Case 5 MATLAB Model NOx Emission Rate
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Figure 28: Case 5 MATLAB Model CO Emission Rate

Table 19: Case 5 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.12

NOx Emission Rate
(g/kw-hr)
1.24

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel

2.01

1.34

0.04

0.09

1.24

N/A

0.01
3.50

2.86
5.74

0.04
0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.60

3.14

0.09

Titan

In this case, the Tier 4 dual fuel engine had the lowest CO emission rate with 0.01 g/kw-hr and the
Tier 2 diesel engine had the highest CO emission rate at 3.50 g/kw-hr. The Tier 2 diesel engine
also had the highest emission rate for NOx with a value of 5.74 g/kw-hr. The Titan direct-drive
turbine engine had the lowest emission rate for both NOx and PM with values at 1.24 g/kw-hr and
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0.02 g/kw-hr. In the PM emission rate column, it is seen that Tier 2 dual fuel had the highest value
at 0.09 g/kw-hr.

4.7 Marcellus Shale Play Results - Case 6
The Marcellus shale play case (Case 6) has parameters of 17 pumping hours at a rate of 80 BPM,
with an average operating pressure of 9,000 PSI, with a stage length of 2 hours, Tier 2 dual fuel
substation percentage of 65%, and Tier 4 dual fuel substitution percentage of 85%. Figure 29 and
Table 20 below show greenhouse gas emissions for case 6.

Figure 29: Case 6 MATLAB Model Greenhouse Gas Emissions per day
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Table 20: Case 6 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
158.1

N2O Emissions
(Metric Ton)
0.37

CH4 Emissions
(Metric Ton)
0.42

CO2e Emissions
(Metric Ton)
158.9

142.8

0.07

23.2

166.1

219.2

0.10

0.10

219.4

191.5

0.17

29.3

221.0

209.3

0.45

0.24

210.0

220.5

0.47

0.25

221.2

193.2

0.23

84.1

277.5

From Table 20 above, it is seen that the natural gas reciprocating engine had the lowest emissions
of CO2 and N2O, at 142.79 Metric Tons and 0.07 Metric Tons. The Tier 4 diesel engine had the
highest emissions of CO2 and N2O, at 220.5 Metric Tons and 0.47 Metric Tons. For CH4 emissions
the large turbine generator is the lowest with 0.10 Metric Tons and the Tier 2 dual fuel engine was
the highest with a value of 84.1 Metric Tons. The Titan ends up with the lowest CO2e emissions
with 158.9 Metric Tons and the Tier 2 dual fuel had the highest value, with 277.5 Metric Tons.
Figures 30, 31, 32 and Table 21 below show the non-greenhouse gas emission rates.
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Figure 30: Case 6 MATLAB Model PM Emission Rate

Figure 31: Case 6 MATLAB Model NOx Emission Rate
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Figure 32: Case 6 MATLAB Model CO Emission Rate
Table 21: Case 6 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.10

NOx Emission Rate
(g/kw-hr)
1.16

PM Emission Rate
(g/kw-hr)
0.04

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel

1.99

1.34

0.04

0.09

1.24

N/A

0.01

2.86

0.04

Tier 2 Diesel
Tier 4 Diesel

3.50
0.22

5.74
3.50

0.08
0.04

Tier 2 Dual Fuel

0.56

3.23

0.10

Titan

For case 6, the Tier 4 dual fuel engine had the lowest CO emission rate with 0.01 g/kw-hr and the
Tier 2 diesel engine had the highest CO emission rate at 3.50 g/kw-hr. The Tier 2 diesel engine
also had the highest emission rate for NOx with a value of 5.74 g/kw-hr. The Titan direct-drive
turbine engine had the lowest emission rate for NOx with a value of 1.16 g/kw-hr. The lowest PM
emission rate was a four-way tie between, natural gas reciprocating engine, Tier 4 dual fuel engine,
Tier 4 diesel engine, and the Titan all with 0.04 g/kw-hr. The highest PM emission rate is the Tier
2 dual fuel with 0.10 g/kw-hr.
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4.8 Haynesville Shale Play Results - Case 7
The Haynesville shale play case (Case 7) has parameters of 17 pumping hours at a rate of 80 BPM,
with an average operating pressure of 12,000 PSI, a stage length of 3 hours, Tier 2 dual fuel
substitution percentage of 50%, and the Tier 4 substitution percentage of 70%. Figure 33 and Table
22 below show greenhouse gas emissions for case 7.

Figure 33: Case 7 MATLAB Model Greenhouse Gas Emissions per day

Table 22: Case 7 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
207.8

N2O Emissions
(Metric Ton)
0.38

CH4 Emissions
(Metric Ton)
0.55

CO2e Emissions
(Metric Ton)
208.7

191.0

0.10

31.1

222.2

250.1

0.11

0.12

250.3

268.0

0.31

31.6

299.9

279.1

0.60

0.32

280.0

293.9

0.63

0.33

294.9

266.1

0.39

85.3

351.8
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Since only the substitution ratios were changed from case 1, only the dual fuel engines emissions
values were affected. By comparing Table 22 with Table 10 from case 1, some differences can be
seen in Table 23 below.
Table 23: Case 1 Dual Fuel versus Case 7 Dual Fuel

Case 1

Case 7

Tier 4 Dual
Fuel
Tier 2 Dual
Fuel
Tier 4 Dual
Fuel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)

N2O Emissions
(Metric Ton)

CH4 Emissions
(Metric Ton)

CO2e
Emissions
(Metric Ton)

254.8

0.22

38.34

293.4

257.1

0.31

110.9

368.3

268.0

0.31

31.56

299.9

266.1

0.39

85.3

351.8

Looking at Table 23, for CO2 and N2O emissions values increase with a 15% decrease in the natural
gas substitution ratio. Tier 4 dual fuel engine increased its CO2 emissions by 13.2 Metric Tons and
its N2O emissions increased by 0.09 Metric Tons. Tier 2 dual fuel engine increased its CO2
emissions by 9.05 Metric Tons and its N2O emissions increased by 0.08 Metric Tons. The opposite
occurred for CH4 emissions, both dual fuel engines decreased emissions values. The Tier 4 dual
fuel decreased its CH4 emissions by 6.76 Metric Tons and the Tier 2 dual fuel decreased by 25.6
Metric Tons. The Tier 4 dual fuel increased its total CO2e emissions by 6.53 Metric Tons and the
Tier 2 dual fuel decreased by 16.5 Metric Tons. Table 24 below shows the results that the changed
the substation ratio had on the non-greenhouse gas emission rates.
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Table 24: Case 7 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.22

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel

1.98

1.34

0.04

0.09

1.24

N/A

0.01

2.86

0.04

Tier 2 Diesel

3.50

5.74

0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.58

3.18

0.09

Titan

After Table 24 was compared to Table 11 the changed substation ratio had no significant effect on
the non-greenhouse gas emission rates.
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4.9 Permian Shale Basin Simulfrac Results - Case 8
The Permian shale basin simulfrac case (Case 8) has parameters of 17 pumping hours at a rate of
240 BPM, with an average operating pressure of 9,000 PSI, a stage length of 3 hours, Tier 2 dual
fuel substation percentage of 50%, and Tier 4 dual fuel substitution percentage of 70%. Figure 34
and Table 25 below show greenhouse gas emissions for case 8.

Figure 34: Case 8 MATLAB Model Greenhouse Gas Emissions per day

Table 25: Case 8 Greenhouse Gas Emissions per day

Titan
Nat. Gas
Recip.
Large
Turbine Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
507.1

N2O Emissions
(Metric Ton)
1.20

CH4 Emissions
(Metric Ton)
1.27

CO2e Emissions
(Metric Ton)
509.6

426.6

0.21

69.0

495.8

560.2

0.27

0.28

560.8

606.7

0.73

67.2

674.6

625.8
659.5

1.35
1.42

0.71
0.75

627.8
661.7

598.8

0.89

183.3

783.0
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Since only the substitution ratios were changed from case 4, only the dual fuel engines emissions
values were affected. By comparing Table 25 with Table 16 from case 4, some differences can be
seen in Table 26 below.
Table 26: Case 4 Dual Fuel versus Case 8 Dual Fuel

Case 4

Case 8

Tier 4 Dual
Fuel
Tier 2 Dual
Fuel
Tier 4 Dual
Fuel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)

N2O Emissions
(Metric Ton)

CH4 Emissions
(Metric Ton)

CO2e
Emissions
(Metric Ton)

578.3

0.55

81.5

660.4

579.4

0.73

238.2

818.3

606.7

0.73

67.2

674.6

598.8

0.89

183.3

783.0

Looking at Table 26, for CO2 and N2O emissions values increase with a 15% decrease in the natural
gas substitution ratio. Tier 4 dual fuel engine increased its CO2 emissions by 28.4 Metric Tons and
its N2O emissions increased by 0.18 Metric Tons. Tier 2 dual fuel engine increased its CO2
emissions by 19.4 Metric Tons and its N2O emissions increased by 0.16 Metric Tons. The opposite
occurred for CH4 emissions, both dual fuel engines decreased emissions values. The Tier 4 dual
fuel decreased its CH4 emissions by 14.3 Metric Tons and the Tier 2 dual fuel decreased by 54.9
Metric Tons. The Tier 4 dual fuel increased its total CO2e emissions by 14.2 Metric Tons and the
Tier 2 dual fuel decreased by 35.3 Metric Tons. Table 27 below shows the results that the changed
the substation ratio had on the non-greenhouse gas emission rates.
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Table 27: Case 8 Non-Greenhouse Gas Emission Rates
CO Emission Rate
(g/kw-hr)
0.10

NOx Emission Rate
(g/kw-hr)
1.16

PM Emission Rate
(g/kw-hr)
0.04

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel

2.01

1.34

0.04

0.09

1.24

N/A

0.01

2.87

0.04

Tier 2 Diesel

3.50

5.74

0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.62

3.09

0.08

Titan

After Table 27 was compared to Table 17 the changed substation ratio had no significant effect on
the non-greenhouse gas emission rates.

4.10 Model Comparison
4.10.1 Comparison to BJES Model
To confirm the MATLAB model’s accuracy all cases were tested against BJES’ model. As an
example, the case 1 results are shown below in tabular form for both models. The models use the
same input values and equations, so the differences are minute.
Table 28: Case 1 Greenhouse Gas Emissions per day (MATLAB)

Titan
Nat. Gas
Recip.
Large
Turbine
Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel
Tier 4 Diesel
Tier 2 Dual
Fuel

CO2 Emissions
(Metric Ton)
207.8

CO2e N2O Emissions
(Metric Ton)
0.38

CO2e CH4 Emissions
(Metric Ton)
0.55

CO2e Emissions
(Metric Ton)
208.7

191.0

0.10

31.1

222.2

250.1

0.11

0.12

250.3

254.8

0.22

38.4

293.4

279.1
293.9

0.60
0.63

0.32
0.33

280.0
294.9

257.1

0.31

110.9

368.3
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Table 29: Case 1 Greenhouse Gas Emissions per day (BJES)

Titan
Nat. Gas
Recip.
Large
Turbine
Gen.
Tier 4 Dual
Fuel
Tier 2 Diesel

CO2 Emissions
(Metric Ton)
207.8

CO2e N2O Emissions
(Metric Ton)
0.38

CO2e CH4 Emissions
(Metric Ton)
0.55

CO2e Emissions
(Metric Ton)
208.7

191.0

0.10

31.1

222.2

250.1

0.11

0.12

250.3

254.8

0.22

38.4

293.4

279.1

0.60

0.32

280.0

293.9

0.63

0.33

294.9

257.1

0.31

110.9

368.3

Tier 4 Diesel
Tier 2 Dual
Fuel

Table 30: Case 1 Non-Greenhouse Gas Emission Rates (MATLAB)
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.22

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel

1.98

1.34

0.04

0.09

1.24

N/A

0.01
3.50

2.86
5.74

0.04
0.08

Tier 4 Diesel

0.22

3.50

0.04

Tier 2 Dual Fuel

0.58

3.18

0.09

Titan

Table 31: Case 1 Non-Greenhouse Gas Emission Rates (BJES)
CO Emission Rate
(g/kw-hr)
0.11

NOx Emission Rate
(g/kw-hr)
1.22

PM Emission Rate
(g/kw-hr)
0.02

Nat. Gas Recip.
Large Turbine
Gen.
Tier 4 Dual Fuel
Tier 2 Diesel
Tier 4 Diesel

1.98

1.34

0.04

0.09

1.24

N/A

0.01
3.50
0.22

2.86
5.74
3.50

0.04
0.08
0.04

Tier 2 Dual Fuel

0.58

3.18

0.09

Titan
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4.10.2 Normalized Emissions Comparisons
The total CO2e emissions data for these 7 engines was normalized to make for better comparison
and comparison to other academic studies. Only cases 1-6 were used in the normalization process.
Cases 7 and 8 were left out because they have the same input values as cases 1 and 4, respectively,
with only the substitution ratio changing, this only affects the dual fuel engine’s emissions. The
normalization process changes Metric Tons/Day to g/kW-hr, so unit conversion is required.
Equation 54 displays the conversion from Metric Tons/Day to g/hr.
Equation 54
𝑔
1,000,000 (
)
𝑔
𝑀𝑒𝑡𝑟𝑖𝑐
𝑇𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 ( ) = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑀𝑒𝑡𝑟𝑖𝑐 𝑇𝑜𝑛𝑠 ⁄𝐷𝑎𝑦) ∗
ℎ𝑟
17 𝑝𝑢𝑚𝑝𝑖𝑛𝑔 ℎ𝑟𝑠 ⁄𝑑𝑎𝑦

Where:
Conversion from Metric Tons to grams = 1,000,000 (g/Metric Ton)
The shaft and hydraulic horsepower per engine for cases 1-6 was the converted to kW by
multiplying by 0.7457 kW/HP. Now total CO2e emissions (g/hr) can be divided by power (kW)
to give total CO2e emissions in g/kW-hr using both SHP and HHP. Then the average for each
engine over the 6 cases was taken. Figure 35 shows the CO2e emissions (g/kW-hr) utilizing SHP
for each engine type in graphical form.
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Figure 35: Total CO2e Emissions (g/kW-hr) using SHP for each engine type

From looking at Figure 35 it is seen that the total CO2e emissions (g/kW-hr) in terms of SHP was
the largest for the Tier 2 dual fuel and the smallest for the natural gas reciprocating engine.
In research done by WVU on diesel and dual fuel frac engines, the diesel engines had CO2e
emissions of approximately 700 g/kW-hr [30]. This matches with what was calculated for both
Tier 2 and Tier 4 diesel engines, they both fall in the 700-750 g/kW-hr range. In the same study
by Johnson, et al. [30] it is shown that dual fuel engines produce much more CO2e emissions than
the diesel engines, which also holds true for the MATLAB model numbers for the Tier 2 dual fuel
but not the Tier 4 dual fuel engine. This result could be because the tier of the engines studied in
[30] were not specified and is possible that only Tier 2 engines were measured for the study.
Figure 36 below shows the total CO2e emissions (g/kW-hr) utilizing HHP for each engine type in
graphical form.

79

1,400

Total CO2e Emissions (g/kW-hr) HHP

1,200

1,000

800

600

400

200

0
Titan

Nat Gas Recip Large Turbine

Tier 4 Dual
Fuel

Tier 2 Diesel

Tier 4 Diesel

Tier 2 Dual
Fuel

Engine Type

Figure 36: Total CO2e Emissions (g/kW-hr) using HHP for each engine type

In Figure 36 the trends from Figure 35 remain the same except the Titan turbine engine and the
natural gas reciprocating engine swap places. The Titan has the lowest emissions when using HHP
in the calculation and the Tier 2 dual fuel still has the highest. The reason this switch occurred is
because the Titan requires less power to put out the same shaft horsepower as the natural gas
reciprocating engine, due significantly lower driveline losses going from SHP to HHP.
Figure 37 presents CO2e emissions for the Titan and the large turbine across four shale basins and
plays to compare their emissions in an attempt to look at turbine derating due to altitude and
temperature variations.
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Figure 37: Titan and Large Turbine CO2e Emissions across four basins and plays

First, comparing the two engines, in all four basins and plays the large turbine produces more
emissions than the Titan direct drive turbine. Looking specifically at the Titan engine, which is
more optimized in terms of number of engines and engine load than a single large turbine, the only
basin which showed significantly higher normalized emission was the Permian basin, due to the
high average temperature and high altitude.
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5. Conclusions
Natural gas production in the U.S. has grown immensely in the last couple of decades. This is
mainly because of advancement in technology in the unconventional methods of horizontal drilling
and hydraulic fracturing. The hydraulic fracturing process uses a variety of large engines to power
pumps that send a water, sand, and chemical mixture thousands of feet in the ground at high
pressures and rates. These engines emit greenhouse gases in the form of CO2, N2O, and CH4, and
non-greenhouse gases in the form of, NOx, PM, and CO. Due to the constantly tightening of
emissions regulations, it is important to understand the levels of emissions from these engines
under different circumstances.
A MATLAB model was developed for the purpose of comparing hydraulic fracturing engine
technologies across different shale plays and basins. A total of 7 engine types (Tier 2 and Tier 4
diesel, Natural Gas Reciprocating, Large Turbine, Tier 2 and Tier 4 dual fuel, and Titan direct
drive turbine) and 4 shale plays and basins (Haynesville, Marcellus, Montney/Duvernay, and
Permian) were tested. From these inputs a total of 8 cases were ran in the model. The last two cases
kept all inputs the same as cases 1 and 4 except the natural gas substitution percentages. The Titan
direct drive turbine had the lowest CO2e emissions for 6 out of 8 cases and the lowest overall at
21.7% less than the average. The other two cases were in the Permian basin, where the natural gas
reciprocating engine had the lowest CO2e emissions. The Tier 2 dual fuel engine had the highest
CO2e emissions at 32.9% greater than the average. In case 7 and 8 the substitution ratios were
decreased by 15% from cases 1 and 4, respectively. This change in substitution ratio led to a 2.2%
increase in total CO2e emissions for the Tier 4 dual fuel engine and a decrease of 4.4% total CO2e
emissions for the Tier 2 dual fuel engine. The Titan direct drive engine had the best nongreenhouse gas rate at 64.0% less than the average. The Tier 2 diesel engine had the worst nongreenhouse gas rate at 152.3% greater than the average. The new MATLAB model was then
compared to a previously developed BJES model. The same inputs and equations were used for
both, and the results were equivalent. The CO2e results were normalized to g/kW-hr for both SHP
and HHP so that the results could be compared to published literature. When using SHP the natural
gas reciprocating engine had the lowest emissions and the Tier 2 dual fuel engine had the highest.
When using HHP the Titan had the lowest emissions while the Tier 2 dual fuel still had the highest,
due to lower transmission losses in the direct drive turbine system. The SHP results were compared
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to published data where the diesel engines from the model had approximately the same values,
approximately 700-750 g/kW-hr [30]. The Tier 2 dual fuel engine followed the same trend that
was observed in the study, but the Tier 4 dual fuel engine did not. The study did not specify the
tier of engine researched; it is possible that only Tier 2 was studied.
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6. Research Contributions
To build this model a deep understanding of the modeling methodology needed to be developed,
the BJES model aided in that understanding. Subsequently, the author worked with Will
Nieuwenburg at BJES to improve, refine and finalize their model. After the MATLAB model was
completed to the extent of the BJES model, further work was completed. The Marcellus shale play
was added to the possible shale basins and plays that could be modeled in order to make the model
more relevant to the West Virginia region. Additionally, 2 cases were executed where the
substitution ratio was varied to examine the effects this has on greenhouse and non-greenhouse
gas emissions.

7. Recommendations for Future Research
Since completion of the model, there are a few issues that could be tackled by future work. The
model should be expanded to include all shale plays in the United States and Canada, with potential
to go abroad outside of North America. Expansion of the model would improve its usefulness,
allowing international companies to employ the model. There is also some future work that could
be performed to the MATLAB code. As the code currently stands the fuel consumption values are
not shown, this could be improved. The Fuel Consumption table could be auto populated when the
code is executed and displayed in tabular format. In addition, the model could be made to be more
user-friendly. As the code is now, the user must change variables in the editor page of MATLAB
to make the inputs what they would like. There could be code added that when ran creates an
interface for the user to select, via drop down menus, the inputs required to run the program.
Also, to improve this model and truly see how accurate it is, it could be compared to real field
data. A data collection campaign could be taken to different regions with different hydraulic
fracturing engines to compare to the MATLAB model.
Another area for future research would be on non-greenhouse gas emissions, where there is not
much reliable data available. OEMs did not share information for an accurate model to be
constructed. A whole university research project, dissertation, or thesis could be based on taking
field measurements of non-greenhouse gases with the intention of creating an accurate model of
different hydraulic fracturing engines emissions.
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This model or versions of it could be shared across the oil and gas industry with the idea of
emissions technology transparency in mind. Through sharing information, the industry will be
better prepared and able to stay ahead of the ever-changing tightening regulations in the future.
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Appendices
Appendix A: MATLAB Code
clear
clc
format longG
%EPA Default Fuel Values
%Natural Gas
EF_CO2_NG = 53.06;
Factor
EF_N2O_NG = 0.0001;
Factor
EF_CH4_NG = 0.001;
Factor
HHV_NG = 1004;
Heating Value
CO2_Emissions_NG = 0.001*EF_CO2_NG*HHV_NG/1000000;
N2O_Emissions_NG = 0.001*EF_N2O_NG*HHV_NG/1000000;
CH4_Emissions_NG = 0.001*EF_CH4_NG*HHV_NG/1000000;
%Diesel
EF_CO2_D = 73.96;
Factor
EF_N2O_D = 0.0006;
Factor
EF_CH4_D = 0.003;
Factor
HHV_D = 0.138;
Heating Value
CO2_Emissions_D = 0.001*EF_CO2_D*HHV_D;
N2O_Emissions_D = 0.001*EF_N2O_D*HHV_D;
CH4_Emissions_D = 0.001*EF_CH4_D*HHV_D;

%kg/mmBTU, Emission
%kg/mmBTU, Emission
%kg/mmBTU, Emission
%BTU/scf, High
%Metric Ton/scf
%Metric Ton/scf
%Metric Ton/scf

%kg/mmBTU, Emission
%kg/mmBTU, Emission
%kg/mmBTU, Emission
%mmBTU/gal, High
%Metric Ton/gal
%Metric Ton/gal
%Metric Ton/gal

%Operating Conditions
%In this section the user inputs the Rate, Pressure, Pumping hours per day,
Basin, Stage Length, and Substitution Ratios that they wish to model
%Once the values are inputted, run the model
Rate = 80;
%BPM
Pressure = 12000;
%PSI
Pumping_hrs_per_day = 17;
%Hours/Day
Haynesville = [-609.096 1.00600 0.983218395202088];
Permian = [-661.092 1.08700 0.981240723750463];
Montney_Duvernay = [-2748.360
1.06399 0.926352033922461];
SCOOP_STACK = [-817.080 1.03888 0.978090644003198];
Marcellus = [-1867.523 1.05412 0.943319765993329];
Basin = Haynesville;
Stage_Length = 3;
%Hours
HHP_Required = Rate*Pressure*42/1714;
%Hydraulic Horsepower
T4F_Sub_Ratio = 0.85;
%Percent
T2_Sub_Ratio = 0.65;
%Percent
%Generated Emissions Table
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%Number of Engines
T4F_Cat_Engines = ceil(HHP_Required/1550);
T2_Cat_Engines = T4F_Cat_Engines;
T4F_Cummins_Engines = T4F_Cat_Engines;
T2_Cummins_Engines = T4F_Cat_Engines;
T4F_Dual_Fuel_Engines = ceil(HHP_Required/1445);
Nat_Gas_Recip_Engines = ceil(HHP_Required/2350);
Large_Turbine_Engines = ceil(HHP_Required/30750);
T2_Dual_Fuel_Engines = T4F_Dual_Fuel_Engines;
%Rate per Engine (BPM)
if Pressure<0
Titan_EPA_Rate1 = "error";
elseif Pressure<10000
Titan_EPA_Rate1 = 16;
elseif Pressure<12500
Titan_EPA_Rate1 = 14;
else
Titan_EPA_Rate1 = 12;
end
T4F_Cat_Rate = Rate/T4F_Cat_Engines;
T2_Cat_Rate = Rate/T2_Cat_Engines;
T4F_Cummins_Rate = Rate/T4F_Cummins_Engines;
T2_Cummins_Rate = Rate/T2_Cummins_Engines;
T4F_Dual_Fuel_Rate = Rate/T4F_Dual_Fuel_Engines;
Nat_Gas_Recip_Rate = Rate/Nat_Gas_Recip_Engines;
Large_Turbine_Rate = Rate/Large_Turbine_Engines;
T2_Dual_Fuel_Rate = Rate/T2_Dual_Fuel_Engines;
%Number of Engines for Titan
Titan_EPA_Engines = ceil(Rate/Titan_EPA_Rate1);
Titan_Actual_Engines = Titan_EPA_Engines;
%Titan Rate (BPM)
Titan_EPA_Rate = Rate/Titan_EPA_Engines;
Titan_Actual_Rate = Titan_EPA_Rate;
%Hydraulic Horsepower per Engine
Titan_EPA_HHP = Titan_EPA_Rate*42*Pressure/1714;
Titan_Actual_HHP = Titan_EPA_HHP;
T4F_Cat_HHP = T4F_Cat_Rate*42*Pressure/1714;
T2_Cat_HHP = T2_Cat_Rate*42*Pressure/1714;
T4F_Cummins_HHP = T4F_Cummins_Rate*42*Pressure/1714;
T2_Cummins_HHP = T2_Cummins_Rate*42*Pressure/1714;
T4F_Dual_Fuel_HHP = T4F_Dual_Fuel_Rate*42*Pressure/1714;
Nat_Gas_Recip_HHP = HHP_Required/Nat_Gas_Recip_Engines;
Large_Turbine_HHP = HHP_Required/Large_Turbine_Engines;
T2_Dual_Fuel_HHP = HHP_Required/T2_Dual_Fuel_Engines;
%Shaft Horsepower per Engine
Titan_EPA_SHP = Titan_EPA_HHP/0.9;
Titan_Actual_SHP = Titan_EPA_SHP;
T4F_Cat_SHP = T4F_Cat_HHP/0.81225+134;
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T2_Cat_SHP = T2_Cat_HHP/0.81225+134;
T4F_Cummins_SHP = T4F_Cummins_HHP/0.81225+134;
T2_Cummins_SHP = T2_Cummins_HHP/0.81225+134;
T4F_Dual_Fuel_SHP = T4F_Dual_Fuel_HHP/0.81225+134;
Nat_Gas_Recip_SHP = Nat_Gas_Recip_HHP/0.758532757623708+134;
Large_Turbine_SHP = Large_Turbine_HHP/0.7983876+134*ceil(Titan_EPA_Engines);
T2_Dual_Fuel_SHP = T2_Dual_Fuel_HHP/0.81225+134;
%Diesel Fuel Consumption (gal/hr)
T4F_Cat_Power = [625 1250 1875 2500];
T4F_Cat_Diesel = [35.8063592093956 71.6127184187912 107.419077628187
143.225436837582];
T2_Cat_Power = [625 1250 1875 2500];
T2_Cat_Diesel = [32.0466657064669 64.0933314129339 96.1399971194008 126.6];
T4F_Cummins_Power = [500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
1700 1800 1900 2000 2100 2200 2300 2400 2500];
T4F_Cummins_Diesel = [23.9809880455135 28.7771856546162 33.5733832637189
38.3695808728216 43.1657784819242 47.9619760910269 52.7581737001296
57.5543713092323 62.3505689183350 67.1467665274377 71.9429641365404
76.7391617456431 81.5353593547458 86.3315569638485 91.1277545729512
95.9239521820539 100.7201497911570 105.5163474002590 110.3125450093620
115.1087426184650 119.9049402275670];
T2_Cummins_Power = [500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
1700 1800 1900 2000 2100 2200 2300 2400 2500];
T2_Cummins_Diesel = [24.2834509577992 29.1401411493591 33.9968313409189
38.8535215324788 43.7102117240386 48.5669019155984 53.4235921071583
58.2802822987181 63.1369724902780 67.9936626818378 72.8503528733977
77.7070430649575 82.5637332565174 87.4204234480772 92.2771136396370
97.1338038311969 101.9904940227570 106.8471842143170 111.7038744058760
116.5605645974360 121.4172547889960];
T4F_Diesel_1 = 0.41*625/6.982*(1-T4F_Sub_Ratio);
T4F_Diesel_2 = 0.41*1250/6.982*(1-T4F_Sub_Ratio);
T4F_Diesel_3 = 0.41*1875/6.982*(1-T4F_Sub_Ratio);
T4F_Diesel_4 = 0.41*2500/6.982;
T4F_Dual_Fuel_Diesel = [T4F_Diesel_1 T4F_Diesel_2 T4F_Diesel_3 T4F_Diesel_4];
T2_Diesel_1 = 0.371*625/6.943;
T2_Diesel_2 = 0.365*1250/6.943*(1-T2_Sub_Ratio);
T2_Diesel_3 = 0.365*1875/6.943*(1-T2_Sub_Ratio);
T2_Diesel_4 = 0.356*2500/6.943;
T2_Dual_Fuel_Diesel = [T2_Diesel_1 T2_Diesel_2 T2_Diesel_3 T2_Diesel_4];
Titan_EPA_Diesel_Consumption = ceil(Titan_EPA_Engines)*8;
%the 8 is the estimated fuel consumption (gal/hr) of the titan deck engine
Titan_Actual_Diesel_Comsumption = Titan_EPA_Diesel_Consumption;
T4F_Cat_Diesel_Consumption =
interp1(T4F_Cat_Power,T4F_Cat_Diesel,T4F_Cat_SHP)*T4F_Cat_Engines;
T2_Cat_Diesel_Consumption =
interp1(T2_Cat_Power,T2_Cat_Diesel,T2_Cat_SHP)*T2_Cat_Engines;
T4F_Cummins_Diesel_Consumption =
interp1(T4F_Cummins_Power,T4F_Cummins_Diesel,T4F_Cummins_SHP)*T4F_Cummins_Eng
ines;
T2_Cummins_Diesel_Consumption =
interp1(T2_Cummins_Power,T2_Cummins_Diesel,T2_Cummins_SHP)*T2_Cummins_Engines
;
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T4F_Dual_Fuel_Diesel_Consumption =
interp1(T4F_Cat_Power,T4F_Dual_Fuel_Diesel,T4F_Dual_Fuel_SHP)*T4F_Dual_Fuel_E
ngines;
T2_Dual_Fuel_Diesel_Consumption =
interp1(T2_Cat_Power,T2_Dual_Fuel_Diesel,T2_Dual_Fuel_SHP)*T2_Dual_Fuel_Engin
es;
Array_T4F_Diesel_Consumption=[T4F_Cat_Diesel_Consumption,T4F_Cummins_Diesel_C
onsumption];
%Creates an array in order to find the average
later on
Array_T2_Diesel_Consumption=[T2_Cat_Diesel_Consumption,T2_Cummins_Diesel_Cons
umption];
%Creates an array in order to find the average
later on
%Gas Fuel Consumption (scf/hr)
Titan_EPA_Power = [125 2223 3329 3733 4766];
Titan_EPA_Gas = [5920 24684 30912 35196 43389.6366];
Titan_Actual_Pressure = [0.37421340 1.331746112 1.654703616 1.877417288
2.295299350616];
Titan_Actual_N2O_MT = [0.00004989512 0.0000453592 0.00001814368 0.00001360776
0.00001269150416];
Titan_Actual_CH4_MT = [0.00273062384 0.00000907184 0 0.0000226796
0.0000453592];
T4F_Gas_1 = 0.41*625*18320/923*T4F_Sub_Ratio;
T4F_Gas_2 = 0.41*1250*18320/923*T4F_Sub_Ratio;
T4F_Gas_3 = 0.41*1875*18320/923*T4F_Sub_Ratio;
T4F_Dual_Fuel_Gas = [T4F_Gas_1 T4F_Gas_2 T4F_Gas_3 0];
Large_Turbine_Power = [3352.5 6705 10057.5 13410 16762.5 20115 23467.5 26820
30172.5 33525 36877.5 40230 41491.881];
Large_Turbine_Gas = [78268.3175507183 104577.38354886 128081.863965428
149710.170950578 169953.439629841 189591.138714935 209172.256783944
228574.288527331 247043.216778793 264041.830505877 281114.425654237
305050.834733717 319144.765457641];
T2_Gas_2 = 0.4*1250*18320/923*T2_Sub_Ratio;
T2_Gas_3 = 0.4*1875*18320/923*T2_Sub_Ratio;
T2_Dual_Fuel_Gas = [0 T2_Gas_2 T2_Gas_3 0];
Titan_EPA_Gas_Consumption =
interp1(Titan_EPA_Power,Titan_EPA_Gas,Titan_EPA_HHP)*Titan_EPA_Engines*Basin(
2)+Titan_EPA_Engines*Basin(1);
T4F_Dual_Fuel_Gas_Consumption =
interp1(T4F_Cat_Power,T4F_Dual_Fuel_Gas,T4F_Dual_Fuel_SHP)*T4F_Dual_Fuel_Engi
nes;
Nat_Gas_Recip_Gas_Consumption = ((Nat_Gas_Recip_SHP-2607)/(34672607)*(21663.961325966916560.9314917127)+16560.9314917127)*Nat_Gas_Recip_Engines;
Large_Turbine_Gas_Consumption =
interp1(Large_Turbine_Power,Large_Turbine_Gas,Large_Turbine_SHP)*Large_Turbin
e_Engines*Basin(2)+Large_Turbine_Engines*Basin(1);
T2_Dual_Fuel_Gas_Consumption =
interp1(T2_Cat_Power,T2_Dual_Fuel_Gas,T2_Dual_Fuel_SHP)*T2_Dual_Fuel_Engines;
%Gas Fuel Consumption at Idle (scf/day)
Titan_EPA_Gas_Idle = 5920*Titan_EPA_Engines*Basin(3)*Basin(2);
Titan_Actual_Gas_Idle = 5920*Titan_Actual_Engines*Basin(3)*Basin(2);
Nat_Gas_Recip_Gas_Idle = 11535.270718232*Nat_Gas_Recip_Engines;
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Large_Turbine_Gas_Idle = 51320.8200909516*Basin(3)*Basin(2);
%Diesel Fuel Comsumption at Idle (gal/hr)
Titan_EPA_Diesel_Idle = Titan_EPA_Diesel_Consumption;
Titan_Actual_Diesel_Idle = Titan_Actual_Diesel_Comsumption;
T4F_Cat_Diesel_Idle = T4F_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day);
T2_Cat_Diesel_Idle = T2_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day);
T4F_Cummins_Diesel_Idle = T4F_Cummins_Engines*8.00441695879706*(24Pumping_hrs_per_day);
T2_Cummins_Diesel_Idle = T2_Cummins_Engines*7.97271629757411*(24Pumping_hrs_per_day);
T4F_Dual_Fuel_Diesel_Idle = T4F_Dual_Fuel_Engines*9.34059982934477*(24Pumping_hrs_per_day);
T2_Dual_Fuel_Diesel_Idle = T2_Dual_Fuel_Engines*9.34059982934477*(24Pumping_hrs_per_day);
%Daily Idle Time (hours)
Titan_EPA_Idle_Time = 1.01183535635925;
Titan_Actual_Idle_Time = Titan_EPA_Idle_Time;
T4F_Cat_Idle_Time = 24-Pumping_hrs_per_day;
T2_Cat_Idle_Time = 24-Pumping_hrs_per_day;
T4F_Cummins_Idle_Time = 24-Pumping_hrs_per_day;
T2_Cummins_Idle_Time = 24-Pumping_hrs_per_day;
T4F_Dual_Fuel_Idle_Time = 24-Pumping_hrs_per_day;
Nat_Gas_Recip_Idle_Time = Titan_EPA_Idle_Time;
Large_Turbine_Idle_Time = 24-Pumping_hrs_per_day;
T2_Dual_Fuel_Idle_Time = 24-Pumping_hrs_per_day;
%CO2 Emissions(Metric Ton/hr)
Titan_EPA_CO2 =
Titan_EPA_Gas_Consumption*CO2_Emissions_NG+Titan_EPA_Diesel_Consumption*CO2_E
missions_D;
Titan_Actual_CO2 =
interp1(Titan_EPA_Power,Titan_Actual_Pressure,Titan_Actual_HHP)*Titan_Actual_
Engines*Basin(3)*Basin(2)+Titan_Actual_Diesel_Comsumption*CO2_Emissions_D;
T4F_Cat_CO2 = T4F_Cat_Diesel_Consumption*CO2_Emissions_D;
T2_Cat_CO2 = T2_Cat_Diesel_Consumption*CO2_Emissions_D;
T4F_Cummins_CO2 = T4F_Cummins_Diesel_Consumption*CO2_Emissions_D;
T2_Cummins_CO2 = T2_Cummins_Diesel_Consumption*CO2_Emissions_D;
T4F_Dual_Fuel_CO2 =
T4F_Dual_Fuel_Gas_Consumption*CO2_Emissions_NG+T4F_Dual_Fuel_Diesel_Consumpti
on*CO2_Emissions_D;
Nat_Gas_Recip_CO2 = Nat_Gas_Recip_Gas_Consumption*CO2_Emissions_NG;
Large_Turbine_CO2 = Large_Turbine_Gas_Consumption*CO2_Emissions_NG;
T2_Dual_Fuel_CO2 =
T2_Dual_Fuel_Gas_Consumption*CO2_Emissions_NG+T2_Dual_Fuel_Diesel_Consumption
*CO2_Emissions_D;
%CO2e N2O Emissions(Metric Ton/hr)
Titan_EPA_N2O =
(Titan_EPA_Gas_Consumption*N2O_Emissions_NG+Titan_EPA_Diesel_Consumption*N2O_
Emissions_D)*265;
Titan_Actual_N2O =
(interp1(Titan_EPA_Power,Titan_Actual_N2O_MT,Titan_Actual_HHP)*Titan_Actual_E
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ngines*Basin(3)*Basin(2)+Titan_Actual_Diesel_Comsumption*N2O_Emissions_D)*265
;
T4F_Cat_N2O = T4F_Cat_Diesel_Consumption*N2O_Emissions_D*265;
T2_Cat_N2O = T2_Cat_Diesel_Consumption*N2O_Emissions_D*265;
T4F_Cummins_N2O = T4F_Cummins_Diesel_Consumption*N2O_Emissions_D*265;
T2_Cummins_N2O = T2_Cummins_Diesel_Consumption*N2O_Emissions_D*265;
T4F_Dual_Fuel_N2O =
(T4F_Dual_Fuel_Gas_Consumption*N2O_Emissions_NG+T4F_Dual_Fuel_Diesel_Consumpt
ion*N2O_Emissions_D)*265;
Nat_Gas_Recip_N2O = Nat_Gas_Recip_Gas_Consumption*N2O_Emissions_NG*265;
Large_Turbine_N2O = Large_Turbine_Gas_Consumption*N2O_Emissions_NG*265;
T2_Dual_Fuel_N2O =
(T2_Dual_Fuel_Gas_Consumption*N2O_Emissions_NG+T2_Dual_Fuel_Diesel_Consumptio
n*N2O_Emissions_D)*265;
%CO2e CH4 Emissions(Metric Ton/hr)
Titan_EPA_CH4 =
(Titan_EPA_Gas_Consumption*CH4_Emissions_NG+Titan_EPA_Diesel_Consumption*CH4_
Emissions_D)*28;
Titan_Actual_CH4 =
(interp1(Titan_EPA_Power,Titan_Actual_CH4_MT,Titan_Actual_HHP)*Titan_Actual_E
ngines*Basin(3)*Basin(2)+Titan_Actual_Diesel_Comsumption*CH4_Emissions_D)*28;
T4F_Cat_CH4 = T4F_Cat_Diesel_Consumption*CH4_Emissions_D*28;
T2_Cat_CH4 = T2_Cat_Diesel_Consumption*CH4_Emissions_D*28;
T4F_Cummins_CH4 = T4F_Cummins_Diesel_Consumption*CH4_Emissions_D*28;
T2_Cummins_CH4 = T2_Cummins_Diesel_Consumption*CH4_Emissions_D*28;
T4F_Methane_Slip_1 = (3.5*T4F_Sub_Ratio/0.85)/2.2*1000/(625/1.341);
%g/kw-hr
T4F_Methane_Slip_2 = (9.45*T4F_Sub_Ratio/0.85)/2.2*1000/(1250/1.341);
%g/kw-hr
T4F_Methane_Slip_3 = (10.41*T4F_Sub_Ratio/0.85)/2.2*1000/(1875/1.341);
%g/kw-hr
T4F_Methane_Slip = [T4F_Methane_Slip_1 T4F_Methane_Slip_2 T4F_Methane_Slip_3
0];
T4F_Dual_Fuel_CH4 =
interp1(T4F_Cat_Power,T4F_Methane_Slip,T4F_Dual_Fuel_SHP)*T4F_Dual_Fuel_Engin
es*T4F_Dual_Fuel_SHP*0.7457*28/1000000;
Nat_Gas_Recip_Power = [1756 2607 3467];
Nat_Gas_Recip_Emissions = [1.94 2.01 1.93];
Nat_Gas_Recip_CH4=
interp1(Nat_Gas_Recip_Power,Nat_Gas_Recip_Emissions,Nat_Gas_Recip_SHP)/0.7457
*Nat_Gas_Recip_Engines*Nat_Gas_Recip_SHP*0.7457*28/1000000;
Large_Turbine_CH4 = Large_Turbine_Gas_Consumption*CH4_Emissions_NG*28;
T2_Methane_Slip_2 = 11.72*T2_Sub_Ratio/0.65;
%g/kw-hr
T2_Methane_Slip_3 = 9.89*T2_Sub_Ratio/0.65;
%g/kw-hr
T2_Methane_Slip = [0 T2_Methane_Slip_2 T2_Methane_Slip_3 0];
T2_Dual_Fuel_CH4 =
interp1(T2_Cat_Power,T2_Methane_Slip,T2_Dual_Fuel_SHP)*T2_Dual_Fuel_Engines*T
2_Dual_Fuel_SHP*0.7457*28/1000000;
%CO2 Emissions generated during daily pumping hours (Metric Ton)
Titan_EPA_CO2_Pump =
Titan_EPA_CO2*Pumping_hrs_per_day+Titan_EPA_Gas_Idle*CO2_Emissions_NG+Titan_E
PA_Diesel_Idle*CO2_Emissions_D*Titan_EPA_Idle_Time;
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Titan_Actual_CO2_Pump =
Titan_Actual_CO2*Pumping_hrs_per_day+Titan_Actual_Gas_Idle*CO2_Emissions_NG+T
itan_Actual_Diesel_Idle*CO2_Emissions_D*Titan_Actual_Idle_Time;
T4F_Cat_CO2_Pump =
T4F_Cat_CO2*Pumping_hrs_per_day+T4F_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*CO2_Emissions_D;
T2_Cat_CO2_Pump =
T2_Cat_CO2*Pumping_hrs_per_day+T2_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*CO2_Emissions_D;
T4F_Cummins_CO2_Pump =
T4F_Cummins_CO2*Pumping_hrs_per_day+T4F_Cummins_Engines*8.00441695879706*(24Pumping_hrs_per_day)*CO2_Emissions_D;
T2_Cummins_CO2_Pump =
T2_Cummins_CO2*Pumping_hrs_per_day+T2_Cummins_Engines*7.97271629757411*(24Pumping_hrs_per_day)*CO2_Emissions_D;
T4F_Dual_Fuel_CO2_Pump =
T4F_Dual_Fuel_CO2*Pumping_hrs_per_day+T4F_Dual_Fuel_Engines*9.34059982934477*
(24-Pumping_hrs_per_day)*CO2_Emissions_D;
Nat_Gas_Recip_CO2_Pump =
Nat_Gas_Recip_CO2*Pumping_hrs_per_day+Nat_Gas_Recip_CO2*Nat_Gas_Recip_Idle_Ti
me*0.5;
Large_Turbine_CO2_Pump = Large_Turbine_CO2*Pumping_hrs_per_day+(3.59*(24Pumping_hrs_per_day));
T2_Dual_Fuel_CO2_Pump =
T2_Dual_Fuel_CO2*Pumping_hrs_per_day+T2_Dual_Fuel_Engines*9.34059982934477*(2
4-Pumping_hrs_per_day)*CO2_Emissions_D;
%CO2e of N2O Emissions generated during daily pumping hours (Metric Ton)
Titan_EPA_N2O_Pump =
Titan_EPA_N2O*Pumping_hrs_per_day+(Titan_EPA_Gas_Idle*N2O_Emissions_NG+N2O_Em
issions_D*Titan_EPA_Diesel_Idle*Titan_EPA_Idle_Time)*265;
Titan_Actual_N2O_Pump =
Titan_Actual_N2O*Pumping_hrs_per_day+(Titan_Actual_Gas_Idle*N2O_Emissions_NG+
N2O_Emissions_D*Titan_Actual_Diesel_Idle*Titan_Actual_Idle_Time)*265;
T4F_Cat_N2O_Pump =
T4F_Cat_N2O*Pumping_hrs_per_day+T4F_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*265*N2O_Emissions_D;
T2_Cat_N2O_Pump =
T2_Cat_N2O*Pumping_hrs_per_day+T2_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*265*N2O_Emissions_D;
T4F_Cummins_N2O_Pump =
T4F_Cummins_N2O*Pumping_hrs_per_day+T4F_Cummins_Engines*8.00441695879706*(24Pumping_hrs_per_day)*265*N2O_Emissions_D;
T2_Cummins_N2O_Pump =
T2_Cummins_N2O*Pumping_hrs_per_day+T2_Cummins_Engines*7.97271629757411*(24Pumping_hrs_per_day)*265*N2O_Emissions_D;
T4F_Dual_Fuel_N2O_Pump =
T4F_Dual_Fuel_N2O*Pumping_hrs_per_day+T4F_Dual_Fuel_Engines*9.34059982934477*
(24-Pumping_hrs_per_day)*265*N2O_Emissions_D;
Nat_Gas_Recip_N2O_Pump =
Nat_Gas_Recip_N2O*Pumping_hrs_per_day+Nat_Gas_Recip_N2O*Nat_Gas_Recip_Idle_Ti
me*0.5;
Large_Turbine_N2O_Pump = Large_Turbine_N2O*Pumping_hrs_per_day;
T2_Dual_Fuel_N2O_Pump =
T2_Dual_Fuel_N2O*Pumping_hrs_per_day+T2_Dual_Fuel_Engines*9.34059982934477*(2
4-Pumping_hrs_per_day)*265*N2O_Emissions_D;
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%CO2e of CH4 Emissions generated during daily pumping hours (Metric Ton)
Titan_EPA_CH4_Pump =
Titan_EPA_CH4*Pumping_hrs_per_day+(Titan_EPA_Gas_Idle*CH4_Emissions_NG+CH4_Em
issions_D*Titan_EPA_Diesel_Idle*Titan_EPA_Idle_Time)*28;
Titan_Actual_CH4_Pump =
Titan_Actual_CH4*Pumping_hrs_per_day+28*0.000453592*Titan_Actual_Idle_Time*6.
02*Titan_Actual_Engines+Titan_Actual_Diesel_Idle*CH4_Emissions_D*Titan_Actual
_Idle_Time;
T4F_Cat_CH4_Pump =
T4F_Cat_CH4*Pumping_hrs_per_day+T4F_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*28*CH4_Emissions_D;
T2_Cat_CH4_Pump =
T2_Cat_CH4*Pumping_hrs_per_day+T2_Cat_Engines*9.34059982934477*(24Pumping_hrs_per_day)*28*CH4_Emissions_D;
T4F_Cummins_CH4_Pump =
T4F_Cummins_CH4*Pumping_hrs_per_day+T4F_Cummins_Engines*8.00441695879706*(24Pumping_hrs_per_day)*28*CH4_Emissions_D;
T2_Cummins_CH4_Pump =
T2_Cummins_CH4*Pumping_hrs_per_day+T2_Cummins_Engines*7.97271629757411*(24Pumping_hrs_per_day)*28*CH4_Emissions_D;
T4F_Dual_Fuel_CH4_Pump =
T4F_Dual_Fuel_CH4*Pumping_hrs_per_day+T4F_Dual_Fuel_Engines*9.34059982934477*
(24-Pumping_hrs_per_day)*28*CH4_Emissions_D;
Nat_Gas_Recip_CH4_Pump =
Nat_Gas_Recip_CH4*Pumping_hrs_per_day+1.94*Nat_Gas_Recip_Idle_Time*0.5*1756/1
000000*Nat_Gas_Recip_Engines*28;
Large_Turbine_CH4_Pump = Large_Turbine_CH4*Pumping_hrs_per_day;
T2_Dual_Fuel_CH4_Pump =
T2_Dual_Fuel_CH4*Pumping_hrs_per_day+T2_Dual_Fuel_Engines*9.34059982934477*(2
4-Pumping_hrs_per_day)*28*CH4_Emissions_D;
%Total CO2e Emissions generated during daily pumping hours (Metric Ton)
Titan_EPA_Total_CO2e =
Titan_EPA_CO2_Pump+Titan_EPA_N2O_Pump+Titan_EPA_CH4_Pump;
Titan_Actual_Total_CO2e =
Titan_Actual_CO2_Pump+Titan_Actual_N2O_Pump+Titan_Actual_CH4_Pump;
T4F_Cat_Total_CO2e = T4F_Cat_CO2_Pump+T4F_Cat_N2O_Pump+T4F_Cat_CH4_Pump;
T2_Cat_Total_CO2e = T2_Cat_CO2_Pump+T2_Cat_N2O_Pump+T2_Cat_CH4_Pump;
T4F_Cummins_Total_CO2e =
T4F_Cummins_CO2_Pump+T4F_Cummins_N2O_Pump+T4F_Cummins_CH4_Pump;
T2_Cummins_Total_CO2e =
T2_Cummins_CO2_Pump+T2_Cummins_N2O_Pump+T2_Cummins_CH4_Pump;
T4F_Dual_Fuel_Total_CO2e =
T4F_Dual_Fuel_CO2_Pump+T4F_Dual_Fuel_N2O_Pump+T4F_Dual_Fuel_CH4_Pump;
Nat_Gas_Recip_Total_CO2e =
Nat_Gas_Recip_CO2_Pump+Nat_Gas_Recip_N2O_Pump+Nat_Gas_Recip_CH4_Pump;
Large_Turbine_Total_CO2e =
Large_Turbine_CO2_Pump+Large_Turbine_N2O_Pump+Large_Turbine_CH4_Pump;
T2_Dual_Fuel_Total_CO2e =
T2_Dual_Fuel_CO2_Pump+T2_Dual_Fuel_N2O_Pump+T2_Dual_Fuel_CH4_Pump;
%Fuel Consumption Table
%Natural Gas (MCF/Day)
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Titan_Total_NG =
(Titan_EPA_Gas_Consumption*Pumping_hrs_per_day+Titan_EPA_Gas_Idle)/1000;
%1000 is conversion to mcf
T4F_Dual_Fuel_Total_NG =
T4F_Dual_Fuel_Gas_Consumption*Pumping_hrs_per_day/1000;
Nat_Gas_Recip_Total_NG =
(Nat_Gas_Recip_Gas_Consumption*Pumping_hrs_per_day+Nat_Gas_Recip_Gas_Idle*Nat
_Gas_Recip_Idle_Time)/1000;
Large_Turbine_Total_NG =
(Large_Turbine_Gas_Consumption*Pumping_hrs_per_day+Large_Turbine_Gas_Idle*Lar
ge_Turbine_Idle_Time)/1000;
T2_Dual_Fuel_Total_NG =
T2_Dual_Fuel_Gas_Consumption*Pumping_hrs_per_day/1000;
%Diesel Fuel (Gal/Day)
Array_T4F_Emissions_Idle = [9.34059982934477 8.00441695879706];
%Creates an array of Emissions from Idling in order to find the average below
Array_T2_Emissions_Idle = [9.34059982934477 7.97271629757411];
%Creates an array of Emissions from Idling in order to find the average below
Titan_Total_Diesel =
Titan_EPA_Diesel_Consumption*Pumping_hrs_per_day+Titan_EPA_Diesel_Idle*Titan_
EPA_Idle_Time;
T4F_Avg_Total_Diesel =
mean(Array_T4F_Diesel_Consumption)*Pumping_hrs_per_day+T4F_Cat_Engines*mean(A
rray_T4F_Emissions_Idle)*T4F_Cat_Idle_Time;
T2_Avg_Total_Diesel =
mean(Array_T2_Diesel_Consumption)*Pumping_hrs_per_day+T2_Cat_Engines*mean(Arr
ay_T2_Emissions_Idle)*T2_Cat_Idle_Time;
T4F_Dual_Fuel_Total_Diesel=
T4F_Dual_Fuel_Diesel_Consumption*Pumping_hrs_per_day+T4F_Dual_Fuel_Engines*9.
34059982934477*T4F_Dual_Fuel_Idle_Time;
T2_Dual_Fuel_Total_Diesel =
T2_Dual_Fuel_Diesel_Consumption*Pumping_hrs_per_day+T2_Dual_Fuel_Diesel_Idle*
T2_Dual_Fuel_Idle_Time;
%CO2e GHG Emissions per day under given conditions stacked bar graph
Array_T4F_CO2_Pump = [T4F_Cat_CO2_Pump T4F_Cummins_CO2_Pump];
%Creates an array of Emissions from Idling in order to find the average below
Array_T4F_NO2_Pump = [T4F_Cat_N2O_Pump T4F_Cummins_N2O_Pump];
Array_T4F_CH4_Pump = [T4F_Cat_CH4_Pump T4F_Cummins_CH4_Pump];
Array_T4F_Total_CO2e = [T4F_Cat_Total_CO2e T4F_Cummins_Total_CO2e];
Array_T2_CO2_Pump = [T2_Cat_CO2_Pump T2_Cummins_CO2_Pump];
Array_T2_NO2_Pump = [T2_Cat_N2O_Pump T2_Cummins_N2O_Pump];
Array_T2_CH4_Pump = [T2_Cat_CH4_Pump T2_Cummins_CH4_Pump];
Array_T2_Total_CO2e = [T2_Cat_Total_CO2e T2_Cummins_Total_CO2e];
T4F_Avg_CO2_Pump = mean(Array_T4F_CO2_Pump);
T4F_Avg_NO2_Pump = mean(Array_T4F_NO2_Pump);
T4F_Avg_CH4_Pump = mean(Array_T4F_CH4_Pump);
T4F_Avg_Total_CO2e_Pump = mean(Array_T4F_Total_CO2e);
T2_Avg_CO2_Pump = mean(Array_T2_CO2_Pump);
T2_Avg_NO2_Pump = mean(Array_T2_NO2_Pump);
T2_Avg_CH4_Pump = mean(Array_T2_CH4_Pump);
T2_Avg_Total_CO2e_Pump = mean(Array_T2_Total_CO2e);
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CO2_Pump = [Titan_Actual_CO2_Pump Titan_Actual_N2O_Pump
Titan_Actual_CH4_Pump; Nat_Gas_Recip_CO2_Pump Nat_Gas_Recip_N2O_Pump
Nat_Gas_Recip_CH4_Pump; Large_Turbine_CO2_Pump Large_Turbine_N2O_Pump
Large_Turbine_CH4_Pump; T4F_Dual_Fuel_CO2_Pump T4F_Dual_Fuel_N2O_Pump
T4F_Dual_Fuel_CH4_Pump; T2_Avg_CO2_Pump T2_Avg_NO2_Pump T2_Avg_CH4_Pump;
T4F_Avg_CO2_Pump T4F_Avg_NO2_Pump T4F_Avg_CH4_Pump; T2_Dual_Fuel_CO2_Pump
T2_Dual_Fuel_N2O_Pump T2_Dual_Fuel_CH4_Pump];
figure1 = figure;
h = bar(CO2_Pump,'stacked');
y = sum(reshape(cell2mat(get(h', 'YData')),size(h,2),[]),1);
CO2_Pump = unique(cell2mat(get(h', 'XData')),'stable');
th =
text(CO2_Pump,y,sprintfc('%.1f',y),'HorizontalAlignment','Center','VerticalAl
ignment','bottom','FontWeight','bold');
set(gca,'XTickLabel',{'Titan', 'Nat Gas Recip', 'Large Turbine Gen', 'T4F
Dual Fuel', 'T2', 'T4F', 'T2 Dual Fuel'})
grid on
xlabel('Engine Type','FontSize',10,'FontWeight','bold');
ylabel('GHG Emissions CO2e (Metric
Ton/day)','FontSize',10,'FontWeight','bold');
legend({'CO2 Emissions','CO2e NO2 Emissions','CO2e CH4
Emissions'},'Location','northwest')
%Non-GHG Emissions per day under given conditions bar graph (NOx)
Titan_SHP_Load = [2488.03827751196 3725.90167604018 4178.06877640673
4700.74708301855];
Titan_NOx_Load = [1.06637085959501 1.13826102990479 1.19816950516293
1.26606577712217];
Titan_NOx = interp1(Titan_SHP_Load,Titan_NOx_Load,Titan_EPA_SHP);
T4F_NOx = 3.5;
T2_NOx = 5.74;
T4F_Dual_Fuel_NOx = (T4F_Dual_Fuel_SHP-1250)/625*0.0536+2.81156363636364;
Nat_Gas_Recip_NOx = 1/0.7457;
Large_Turbine_NOx = 1.24;
T2_Dual_Fuel_NOx = (T2_Dual_Fuel_SHP-1250)/625*(3.1208145646084.058356569984)+4.058356569984;
NOx = [Titan_NOx, T4F_NOx, T2_NOx, T4F_Dual_Fuel_NOx, Nat_Gas_Recip_NOx,
Large_Turbine_NOx, T2_Dual_Fuel_NOx];
figure2 = figure;
b = bar(NOx,'FaceColor',[0.6350 0.0780 0.1840]);
ylim([0 7]);
xtips = b(1).XEndPoints;
ytips = b(1).YEndPoints;
labels = sprintfc('%.2f',b(1).YData);
text(xtips,ytips,labels,'HorizontalAlignment','center','VerticalAlignment','b
ottom')
set(gca,'XTickLabel',{'Titan', 'T4F', 'T2', 'T4F Dual Fuel', 'Nat Gas Recip',
'Large Turbine Gen', 'T2 Dual Fuel'})
grid on
xlabel('Engine Type','FontSize',10,'FontWeight','bold');
ylabel('NOx Emissions Rate (g/kw-hr)','FontSize',10,'FontWeight','bold');
%Non-GHG Emissions per day under given conditions bar graph (CO)
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Titan_CO_Load = [0.3594508515488800 0.0958535604130347 0.1078352554646640
0.1198169505162930];
Titan_CO = interp1(Titan_SHP_Load,Titan_CO_Load,Titan_EPA_SHP);
T4F_CO = 0.224;
T2_CO = 3.5;
T4F_Dual_Fuel_CO = (T4F_Dual_Fuel_SHP-1250)/625*0+0.00974545454545454;
Nat_Gas_Recip_CO = (Nat_Gas_Recip_SHP-2607)/860*(2.038353225157571.94448169505163)+1.94448169505163;
Large_Turbine_CO = 0.09;
T2_Dual_Fuel_CO = (T2_Dual_Fuel_SHP-1250)/625*(0.6066448270080.199511534016)+0.199511534016;
CO = [Titan_CO, T4F_CO, T2_CO, T4F_Dual_Fuel_CO, Nat_Gas_Recip_CO,
Large_Turbine_CO, T2_Dual_Fuel_CO];
figure3 = figure;
b = bar(CO,'FaceColor',[0.4660 0.6740 0.1880]);
ylim([0 4]);
xtips = b(1).XEndPoints;
ytips = b(1).YEndPoints;
labels = sprintfc('%.2f',b(1).YData);
text(xtips,ytips,labels,'HorizontalAlignment','center','VerticalAlignment','b
ottom')
set(gca,'XTickLabel',{'Titan', 'T4F', 'T2', 'T4F Dual Fuel', 'Nat Gas Recip',
'Large Turbine Gen', 'T2 Dual Fuel'})
grid on
xlabel('Engine Type','FontSize',10,'FontWeight','bold');
ylabel('CO Emissions Rate (g/kw-hr)','FontSize',10,'FontWeight','bold');
%Non-GHG Emissions per day under given conditions bar graph (PM)
Titan_PM_Load = [0.10 0.05 0.03 0.01];
Titan_PM = interp1(Titan_SHP_Load,Titan_PM_Load,Titan_EPA_SHP);
T4F_PM = 0.04;
T2_PM = 0.08;
T4F_Dual_Fuel_PM = 0.04;
Nat_Gas_Recip_PM = 0.04;
Large_Turbine_PM = 0;
T2_Dual_Fuel_PM = (T2_Dual_Fuel_SHP-1250)/625*(0.0875904295680.175180859136)+0.175180859136;
PM = [Titan_PM, T4F_PM, T2_PM, T4F_Dual_Fuel_PM, Nat_Gas_Recip_PM,
Large_Turbine_PM, T2_Dual_Fuel_PM];
figure4 = figure;
b = bar(PM,'FaceColor',[0 .5 .5]);
xtips = b(1).XEndPoints;
ytips = b(1).YEndPoints;
labels = sprintfc('%.2f',b(1).YData);
text(xtips,ytips,labels,'HorizontalAlignment','center','VerticalAlignment','b
ottom')
set(gca,'XTickLabel',{'Titan', 'T4F', 'T2', 'T4F Dual Fuel', 'Nat Gas Recip',
'Large Turbine Gen', 'T2 Dual Fuel'})
grid on
xlabel('Engine Type','FontSize',10,'FontWeight','bold');
ylabel('PM Emissions Rate (g/kw-hr)','FontSize',10,'FontWeight','bold');
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Appendix B: OEM Data Sheets
Cummins Tier 4 Diesel Engine Data Sheet
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Cummins Tier 2 Diesel Engine Data Sheet
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Caterpillar Tier 2 Diesel Engine Data Sheets
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Caterpillar Tier 2 Dual Fuel Engine Data Sheets
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Caterpillar Natural Gas Reciprocating Engine Data Sheets
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Titan Emissions Data Sheet
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